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ABSTRACT
ADAPTIVE CONTROL OF BASE ISOLATION SYSTEMS USING THE
TRANSMISSIBILITY-BASED SEMI-ACTIVE CONTROLLER
Ramin Rabiee
Old Dominion University, 2019
Director: Dr. Yunbyeong Chae

Base isolation system is one of the most effective seismic protection systems which
is widely used to protect buildings of high importance against seismic hazards. However,
the performance of these systems might be impaired under long-period earthquake ground
motions due to the resonance effect. The main focus of this dissertation is the development
of an adaptive semi-active control algorithm to improve the performance of conventional
base isolation systems. The proposed control law works based on the transmissibility
theory, called the transmissibility-based semi-active (TSA) controller, which can
adaptively change the damping of the base-isolation system based on the response of the
structure. Furthermore, a systematic design procedure was developed for the design of
base-isolated structures with semi-active damping devices, which is called the simplified
design procedure. The effectiveness of the proposed base isolation system with the TSA
controller is investigated both numerically and experimentally, while using the simplified
design procedure for design of the base-isolated buildings with magneto-rheological (MR)
dampers. Nonlinear time history analyses are conducted with various long- and shortperiod earthquake ground motions to numerically evaluate the performance of the proposed
base isolation system. Statistical analysis of the numerical simulation results are provided
accordingly. Additionally, Real-Time Hybrid Simulations (RTHSs) are performed on a
small-scale base-isolated building with an MR damper to experimentally validate the
performance of the proposed base isolation system. It is shown that the proposed base
isolation system makes the building work like a passive-on or passive-off isolation system
as necessary to achieve high performance level under both long- and short-period
earthquake ground motions, which can significantly improve the resiliency and
sustainability of buildings.
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CHAPTER 1
INTRODUCTION
1.1 General Background
During the lifetime of civil infrastructures such as bridges, highways and buildings,
they might be subjected to extreme loading. Earthquake loading is one kind of extreme
loads which has already shown its catastrophic effect through damaging earthquakes such
as 1994 Northridge, 1979 Imperial Valley, 1990 Manjil, etc. It is observed that not only an
earthquake can bring huge losses to resources, but also it might cause many fatalities to
human lives. These incidents have proven the importance of seismic design for structures
to structural engineers. During the previous couple of decades, many changes have been
made to structural design codes to provide the best performance of seismic protection
systems. Among the protection systems, base isolation, which can effectively reduce the
earthquake-induced forces to structural and non-structural components, is one of the most
efficient systems.
Base isolation systems provide a low lateral stiffness layer between the base and
foundation of the structure. This will increase the natural period of the base-isolated
structure in comparison to the same fixed-base structure with no base isolators. At longer
periods, it can be clearly observed that the spectral acceleration of a structure will be
decreased as the natural period increases (e.g. ASCE7-10 [1]). Thus, the increase in the
natural period of base-isolated structures will be very effective not only in the reduction of
the acceleration of non-structural components but also in the reduction of design forces of
the structural elements above the isolation layer, making the base isolation system effective
for seismic hazard mitigation. Due to the low lateral stiffness of the isolation layer, the
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deformation at the base of the structure will be large. This issue will be of higher
importance especially once an earthquake with long-period contents occurs which
increases the possibility of resonance, resulting in larger displacements of base isolators
[2]. The deformation provided by the long-period earthquake ground motions due to the
large ground velocities and displacements can exceed the displacement capacity of the
isolator or even the gap width between the moat wall and the building. This can introduce
a large impact force to the structure and pounding effects which can threaten the stability
of the whole structural system and finally cause collapse or serious damage [3-5]. Fullscale shake table tests also have shown the vulnerability of conventional base-isolation
systems under long-period ground motions [6, 7], where non-structural components such
as medical and service equipment and furniture were severely damaged by long-period
earthquakes. Thus, the performance of conventional base isolation systems needs to be
improved under long-period earthquakes.
Supplemental damping devices can be effective tools for enhancing the
performance of base-isolated structures under long-period earthquake ground motions.
However, it is observed that increasing damping under short-period earthquake ground
motions will increase the structural responses above the isolation layer especially in terms
of story drifts and accelerations [8, 9]. It is therefore beneficial to use energy dissipation
systems that can adaptively change the damping. Damping systems can be categorized in
three different groups, i.e., passive, active and semi-active damping systems.
Passive dampers generally work based on principles such as yielding of metals,
deformation of visco-elastic (VE) solids or fluids, phase transformation in metals, frictional
sliding, fluid orificing, etc. [10]. Tuned Mass and triangular-plate added damping and
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stiffness (TADAS) dampers are examples of passive damping systems used for vibration
control of structures, bridges and tall buildings [11-19]. Three approaches of data-driven,
model-driven and model-data fusion have been developed by researchers for vibrationbased structural monitoring of instrumented buildings [20-22]. The motion of passive
dampers is passively determined by the motion of structures. The biggest advantage of
passive damping systems is the stability of the structural system where they are
implemented, making these systems easily acceptable among the design community [23].
However, passive systems cannot adaptively adjust the damping of the system.
Active damping systems incorporate actuators to deliver the required damping
force with the aid of real-time processing controllers and sensors [24]. These systems are
able to adjust the damping of the system through the user-defined controllers and structural
control objectives. However, these systems incorporate different actuators that need huge
power sources, sensors and control models, which makes their implementation very
expensive. Actually, depending on the implemented control algorithm, the number of
required sensors differs; however, practical considerations usually preclude the availability
of a complete set of sensor information [25]. Accordingly, the optimization of sensors and
controller locations is another challenging issue for active control systems. In addition,
structural systems under external loads usually undergo nonlinear and time-dependent
degrading behavior, which results in a performance that might be different from what was
expected at the design stage of controllers; this is directly related to parameter uncertainties
and system identification errors. Thus, the limited number of applied sensors and
uncertainties related to the structural properties can provide control signals to actuators,
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which might not be accurate enough, increasing the possibility of instability in the
structural system depending on the control error.
Semi-active damping systems take advantage of both active and passive systems.
The structural system with semi-actively controlled damping devices is able to adjust the
damping of the system with a power consumption much lower than the active systems.
Semi-active systems do not have the stability issue since they do not add any energy to the
structural system. Smart tuned mass dampers, controllable fluid dampers, and variableorifice fluid dampers are examples of semi-active damping devices that can be used in
bridge or building structural systems [23, 26].
The magneto-rheological (MR) damper is one of the most popular semi-active
damping devices [27-30]. MR dampers generally have cylindrical shapes with a piston
which moves through a cylinder. The piston head divides the cylinder into two separate
chambers that are filled with MR fluid. An electromagnetic coil is embedded in the piston
head around the annular gap through which the MR fluid moves between chambers. The
MR fluid contains iron particles that are aligned when the magnetic flux is provided,
increasing the resistance of fluid movement and damping force. Once the magnetic field is
removed, the MR fluid goes back to its original state. MR dampers need small power
supplies and can easily switch between the two states, making them ideal semi-active
devices for structural control.
Numerous studies have been conducted on the application of semi-active control
devices during the last couple of decades, specifically for the application of these systems
with base-isolated systems [31-39]. In spite of these existing studies, however, the practical
application of semi-actively controlled base isolation systems is quite limited, which is
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primarily related to the lack of knowledge for quantitatively predicting the response of the
semi-actively controlled base isolation system under earthquake loads [8]. Existing control
laws for the semi-active devices are often based on control objectives that are not directly
related to minimizing the maximum structural responses of interest (e.g., the isolator
displacement, story drifts, floor accelerations) [40]. In addition, the application of semiactive control laws into practical design methods is of most importance which has not been
addressed in previously conducted research. The designers also should have an insight into
the number and type of the semi-active devices required to be used in order to satisfy a
specified performance objective for the structure. Not only do the previous studies not
provide a systematic design procedure for base-isolated structures with semi-active
damping devices but also the performance of existing methods under long-period
earthquakes have not been validated accurately.
In this dissertation, the dynamic behavior of base-isolated structures with MR
dampers is investigated. A new control algorithm is developed to effectively control the
damping of the base-isolated structures for the purpose of seismic hazard mitigation under
both long- and short-period earthquake ground motions. The new control law is based on
the transmissibility theory of an isolated structure and can adaptively change the damping
characteristics of the system based on the period contents in the response of structures. The
new control law is called the Transmissibility-based Semi-Active (TSA) controller in this
dissertation. Additionally, by implementing the TSA controller, a practical design
procedure becomes feasible which can predict the response of the base-isolated structures
with semi-active damping devices without conducting a complicated nonlinear time history
analysis; this method is called the simplified design procedure in this dissertation. This
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procedure includes simple models for MR dampers and base isolators. The procedure
enables the prediction of the maximum base shear and displacement at the base level, which
is necessary for the design of the superstructure. The simplified design procedure
developed in this dissertation is implemented for the design of full-scale and small-scale
base-isolated structures to numerically and experimentally evaluate the performance of the
newly-developed semi-active control law. Intensive numerical simulations are conducted
for the designed full-scale structure subjected to various earthquake ground motions, where
sophisticated nonlinear numerical models for MR dampers and base isolators are used.
Real-time hybrid simulations (RTHS) are conducted for the small-scale structure to
experimentally assess the performance of the TSA controller. In the RTHS study, the base
isolation system consisting of a rubber bearing, an MR damper and linear bearings is
experimentally tested (i.e., the experimental substructure), while the structure above the
isolation layer is modeled numerically (i.e., the analytical substructure). The following
section describes the objectives of this dissertation.
1.2 Objectives and Scope
The objectives of this dissertation are as follows:
 Development of a new adaptive semi-active control system for base-isolated
structures which can provide structural resiliency under both long- and short-period
earthquake ground motions (i.e., the TSA controller)
 Development of a simplified design procedure for base-isolated structures with
supplemental semi-active damping devices

7
 Numerical evaluation of the performance of the TSA controller for base-isolated
structures with MR dampers through nonlinear time history analysis with different
long- and short-period earthquake ground motions
 Conduction of real-time hybrid simulations to experimentally assess the
performance of base-isolated structures with MR dampers controlled by the TSA
controller.
1.3 Organization of Dissertation
 Chapter 2 provides the background information of the base isolation system and
its effective performance as a seismic protection system. Description of the general
performance of MR dampers as one of the most well-known semi-active damping
devices is also provided. Detailed information of the Bouc-Wen and Maxwell
nonlinear slider (MNS) models for simulating the performance of base isolators and
MR dampers, respectively, is presented. The fundamental theories of semi-active
control systems along with various semi-active control algorithms for base-isolated
structures with MR dampers are provided.
 Chapter 3 develops a new semi-active control law for semi-actively controlled
base-isolated structures. The new control law works based on the transmissibility
theory and is named the Transmissibility-based Semi-Active (TSA) controller. The
TSA controller enables a systematic design procedure for base-isolated structures
with semi-active damping devices. Detailed descriptions about the TSA controller
are provided in this chapter.
 Chapter 4 develops a systematic design procedure for semi-actively controlled
base-isolated structures based on the capabilities provided by the TSA control law.
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The proposed procedure is called Simplified Design Procedure which is able to
predict the behavior of base-isolated structures with MR dampers. Details about
this procedure and implemented models for base isolators and MR dampers are also
provided. This procedure is used for the design of full-scale and small-scale threestory base-isolated structures with MR dampers to evaluate the performance of the
TSA controller numerically and experimentally in Chapters 5 and 6, respectively.
 Chapter 5 evaluates the performance of the TSA controller through numerical
simulations for a full-scale three-story base-isolated structure with MR dampers
designed using the simplified design procedure. Sophisticated numerical models
which can consider the nonlinearities of the MR damper and base isolator (i.e.,
MNS and Bouc-Wen models, respectively) are used. Nonlinear time history
analyses, as well as their statistical results, are conducted under different long- and
short-period earthquake ground motions.
 Chapter 6 experimentally validates the performance of the TSA controller through
real-time hybrid simulation tests. The architecture of the real-time control system
at Old Dominion University is described. The analytical and experimental
substructures of the RTHS tests are explained in detail. Characterization tests for a
small-scale rubber bearing and a small-scale MR damper with various current
inputs are conducted. A small-scale three-story building is designed using the
simplified design procedure proposed in Chapter 3 which is subjected to various
long- and short-period earthquake ground motions. The RTHS results are also
compared with numerical simulation results, where the experimental substructure
is replaced with its numerical models.
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 Chapter 7 provides the conclusions of findings in this study and makes
recommendations for future study.
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CHAPTER 2
BASE ISOLATION SYSTEMS WITH MR DAMPERS AND SEMI-ACTIVE
CONTROL LAWS
2.1 General
The effective performance of the conventional base-isolation systems in reducing
the superstructure responses is well observed during previous earthquakes but with
increased displacement especially under near-fault earthquake ground motions [41-45].
Many studies have been conducted during the last couple of decades to effectively reduce
the base isolator displacement. In most of these studies, researchers were trying to increase
the damping of the base-isolated structure since large damping is effective in reducing the
displacement. Damping of a system can be increased passively by adding specific elements
or materials to a base isolator such as lead plugs, or using control devices such as active or
semi-active devices [23, 42, 43, 46-59].
Active control of base isolation systems requires implementation of actuators to
apply the control force to a structure. Semi-active control of base isolation systems can be
achieved by implementing different semi-active damping devices such as smart tuned mass
dampers, controllable fluid dampers, variable-orifice fluid dampers, etc. Magnetorheological (MR) dampers are one of the most well-known semi-active damping devices
where the feasibility of using them as devices for the vibration reduction of base-isolated
structures has been studied by many researchers [33, 37, 38, 50, 60-78].
In this chapter, previous research related to base isolation systems, different models
for MR dampers, and semi-active control algorithms implemented for base isolation
systems is provided.
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2.2 Passive Base Isolation Systems
Base isolation systems provide a low lateral stiffness layer between the base and
foundation of the structure. It is intended to increase the natural period of the structure so
that the acceleration response and seismic lateral force induced to the structure are
effectively decreased. Several isolation methods can be implemented to achieve this goal.
One of the most common isolators is the elastomeric bearing with a cylindrical shape which
consists of hard rubber and steel shims. The steel shims are used to provide vertical strength
and the rubber provides restoring force under lateral excitations. Since damping is very
effective in reducing the deformation, lead plugs can be inserted into the bearings to
increase the damping characteristics. Lead rubber bearings (LRB) can provide large
hysteretic performance for dissipating energy from earthquake ground motions. Another
popular type of isolation system is based on sliding elements between the foundation and
the base of the structure, where the sliding displacements are controlled by high-tension
springs or laminated rubber bearings, or by making the sliding surface curved [79]. The
friction pendulum bearing (FPB) is one of these types of bearings where the weight of the
structures is supported on spherical sliding surfaces providing restoring force by slightly
raising the structure once sliding occurs. The force-displacement relationships of these
isolators are shown in Figure 2.1.
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Figure 2.1 Force-displacement relationship of different isolators [80]

2.3 Modeling of Base Isolators
Various structural elements can be used to numerically model base isolators.
Elastic, viscous, and hysteretic elements can be used for modeling bilinear elastomeric
elements. For modeling of slide bearings, hysteretic elements can be used. If the behavior
of the elastomeric bearing is linear, linear elastic elements can be used for its modeling.
The hysteretic behavior of base isolators can be divided into two parts, i.e., the pre-yield
and post-yield modes. The base isolator model should be able to account for the initial
stiffness of the pre-yield mode and the yielding stiffness of the post-yield mode. The
bilinear and Bouc-Wen [81] models are the most well-known models typically used to
model the hysteretic behavior of base isolators as shown in Figure 2.2 [33].
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Figure 2.2 Models of base isolators [8]

The restoring force from the base isolator is represented by 𝑓𝐵𝐼 as:
𝑓𝐵𝐼 = 𝑄ℎ + 𝑘𝑦 𝑢𝑏

(2.1)

𝑄ℎ = 𝑧𝑄𝑃𝑏

(2.2)

𝑄ℎ is the hysteretic force given as:

where,
𝑄𝑝𝑏 = (1 −

𝑘𝑦
) 𝑄𝑦
𝑘𝑖

(2.3)

The initial stiffness is represented by 𝑘𝑖 and defined as the ratio of force to
displacement at the yielding point (i.e. 𝑄𝑦 /𝑢𝑦 ). The evolutionary variable of 𝑧 can be
obtained by solving the following differential equation:
𝑧̇ = − 𝛾𝑧|𝑢̇ 𝑏 ||𝑧|𝑚−1 − 𝛽𝑢̇ 𝑏 |𝑧|𝑚 + 𝐴𝑢𝑏

(2.4)

where 𝑢𝑏 and 𝑢̇ 𝑏 are the displacement and velocity of the isolator, respectively. Also, 𝛾, 𝛽,
A, and 𝑚 are time-invariant shape parameters of the Bouc-Wen hysteresis model. It should
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be noted that the Bouc-Wen model provides results more consistent with the experimental
data [82] in comparison to the bilinear model, specifically due to the smooth transition
from 𝑘𝑖 to 𝑘𝑦 or from 𝑘𝑦 to 𝑘𝑖 . Actually, the evolutionary variable of 𝑧 is included in the
Bouc-Wen model to generate such a smooth hysteretic transition, providing better
estimation of accelerations for base isolated structures [33].
2.4 MR Damper Models
The Bingham model is one of the simple models for describing the behavior of MR
dampers. The damping force generated by this model is dependent on the damper velocity.
This model consists of dashpot and friction elements connected in parallel, as first
presented by Stanway et al. for electro-rheological (ER) vibration dampers [83, 84].
Gamota and Filisko’s model [85] was originally proposed for electro-rheological (ER)
dampers, but Spencer et al. [86] implemented this model for modeling of an MR damper.
This model is a combination of the Bingham model and a standard model for a linear solid
connected in series. A combined model based on the Maxwell element and the Bingham
model was proposed by Makris et al. [87] and named the BingMax model. This model was
shown to be able to represent both the frequency-dependent and hysteretic behavior of an
MR damper. A more complicated model for MR dampers was developed by Spencer et al.
[86]. This model is a combination of dashpots and springs with the Bouc-Wen element and
is able to capture the force roll-off phenomenon that occurs near zero velocity in an MR
damper. This model is widely used in the numerical simulation of structures with the MR
damper. Also, this model was used for modeling the first generation of large-scale MR
dampers manufactured by the Lord Corporation [88]. This model is not able to account for
the non-Newtonian behavior of the MR fluid, and the initial values for model parameters
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should be identified by trial and error. The hyperbolic tangent model developed by Gavin
[89] was used for modeling the electro-rheological (ER) dampers. This model consists of
a series of Voigt visco-elastic elements combined with a lumped mass element and a
nonlinear friction element. Bass and Christenson [90] used the hyperbolic tangent model
for modeling the second generation of large-scale MR dampers manufactured by the Lord
Corporation. Chae [29] developed a new MR damper model named the Maxwell Nonlinear
Slider (MNS) model which was used to model large-scale MR dampers subjected to
realistic earthquake displacement and velocity demands. The MNS MR damper model can
independently describe the pre-yield and post-yield behavior of an MR damper, which
makes it easier to identify the parameters for the model. The Herschel-Bulkley visco-plastic
element [29, 91, 92] is incorporated into the MNS model for the description of the postyield mode of the damper so that the non-Newtonian MR fluid property can be effectively
accounted for. Due to the proven accuracy provided by the MNS model [93-95], it is
considered for numerical modeling of MR dampers in this dissertation. Figure 2.3 shows
the mechanical model of the MNS MR damper model.
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MNS model

𝑓



𝑧
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Pre-yield mode
𝑓
𝑓
Post-yield mode

Figure 2.3 Maxwell Nonlinear Slider (MNS) MR damper model [29]
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In Figure 2.3,

is the degree of freedom of the model that is associated with the

displacement of the MR damper piston relative to its initial position, while
variables associated with the pre-yield mode of the model.

and 𝑧 are

and ̇ are referred to as the

damper displacement and the damper velocity, respectively. The damper force in the preyield mode is described by the Maxwell element consisting of a dashpot with coefficient 𝑐
and stiffness 𝑘 (see Figure 2.3) where 𝑓 can be determined by solving the following
differential equation
𝑓 = 𝑘( − 𝑧) = 𝑐𝑧̇

(2.5)

When the damper is in pre-yield mode, ̇ is equal to the damper velocity ̇ . The
initial value of

is set to be equal to ; thus, equation (2.5) can be solved in terms of 𝑧 for

a given , enabling the damper force 𝑓 to be determined. The parameters for the Maxwell
element can be easily estimated from the visco-elastic behavior of the MR damper,
especially when the damper is subjected to small displacement amplitudes and low
velocities. The values of 𝑐 and 𝑘 of the Maxwell element are obtained from the forcevelocity relationship by selecting two appropriate points on the hysteretic force-velocity
curve and then applying visco-elasticity theory. Assuming the Maxwell element is
subjected to a harmonic motion with an amplitude of

and a circular excitation frequency

of ω, the coefficients 𝑐 and 𝑘 are calculated as
𝑐=

1 𝑓 2 + 𝑓𝑚2
,
𝜔 𝑓𝑚

𝑘=

1 𝑓 2 + 𝑓𝑚2
𝑓

(2.6)

where 𝑓 and 𝑓𝑚 are the damper forces when the velocities are zero and maximum,
respectively. Figure 2.4 illustrates the force-velocity relationship of the Maxwell element
under a harmonic excitation and the definition of its coefficients.
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Figure 2.4 Force-velocity relationship of Maxwell element under harmonic motion [29]

The post-yield behavior of the MR damper is directly related to the velocity ̇ . The
non-Newtonian behavior that occurs in the MR fluid can be well-described by the
Herschel-Bulkley visco-plasticity theory. This means that the shear thinning and shear
thickening behavior of the fluid can be described using a power law model [91, 92, 96]. In
the MNS model, the post-yield response of the MR damper is modeled using the nonlinear
slider of Figure 2.3. The post-yield curve in the force-velocity response of the MR damper
consists of a linear line and a curve based on the Herschel-Bulkley model. The curved lines
are tangential to the linear lines at velocities of ̇ 𝑡+ and ̇ 𝑡− for the positive and negative
velocities, respectively. The force-velocity and force-displacement relationships for both
pre-yield and post-yield modes are shown in Figure 2.5. The negative force for the postyield curve can be represented as
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𝑎 + 𝑏| ̇ |𝑛
−
𝑓𝑝𝑦
( ̇) = {
𝑎𝑡 ( ̇ − ̇ 𝑡− ) + 𝑓𝑡−

𝑖𝑓 ̇ ≥ ̇ 𝑡−
𝑖𝑓 ̇ ˂ ̇ 𝑡−

(2.7)

where ̇ 𝑡− , 𝑎, 𝑏, and 𝑛 are the parameters of the model which should be identified by
conducting experimental characterization tests, and 𝑎𝑡 = 𝑏𝑛| ̇ 𝑡− |𝑛−1 , 𝑓𝑡− = 𝑎 + 𝑏| ̇ 𝑡− |𝑛 . It
should be noted that identification of the post-yield parameters are completely independent
from identification of pre-yield coefficients 𝑐 and 𝑘 from equation (2.6). The positive force
of the post-yield curve 𝑓𝑡+ can be found in the same way as 𝑓𝑡− .
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Figure 2.5 MR damper response; (a) force-velocity, (b) force-displacement relationships

Due to the imperfections in the manufacturing of MR dampers, the force-velocity
response might not be symmetric. This issue has been observed in the large-scale MR
dampers [93, 94]. Thus, an increasing phase and decreasing phase of the post-yield curve
is defined depending on the changes in the force value (i.e. the damper is in an increasing
phase if the force increases, and in a decreasing phase if the force decreases), as shown in
Figure 2.6. Since the acceleration shows the rate of changes in the velocity, the damper is
in the increasing phase once the acceleration (i.e. ̈ ) is greater than zero in the positive
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force post-yield mode, while it is in the decreasing phase once ̈ is lower than zero. In order
to consider the discrepancy between the increasing and decreasing phases, a virtual mass
of 𝑚 is considered which is added to the force value in the decreasing phase for both
positive and negative forces as
+( )
𝑓𝑝𝑦
̇
𝑓 (Positive Force) = { +
𝑓𝑝𝑦 ( ̇ ) + 𝑚

̈ ≥ 0; 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒
,
̈ ˂ 0; 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒
̈

(2.8)
𝑓 (Negative Force) =

−( )
𝑓𝑝𝑦
̇
{ −
(
𝑓𝑝𝑦 ̇ )

+𝑚

̈

̈ ≥ 0; 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒
̈ ˂ 0; 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒

The transition from pre-yield to post-yield occurs once the force from the Maxwell
element reaches the post-yield curve, and the nonlinear slider becomes activated thereafter.
This condition can be mathematically represented as
|𝑓| = |𝑓𝑝𝑦 ( ̇ )|

(2.9)

where 𝑓𝑝𝑦 is associated with either positive or negative force post-yield curves. The
transition from the post-yield mode to the pre-yield mode occurs once ̇ equals to ̇ , where
̇

̇ = + . In order to have a smooth transition from the post-yield mode to the pre-yield
𝑘

𝑐

mode, the pre-yield mode variables and 𝑧, are continuously updated during the post-yield
mode.
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Figure 2.6 Schematic of force-velocity relationship of MR damper under sinusoidal
displacement

2.5 Semi-Active Controllers for Base-Isolated Structures Implementing MR
Dampers
The implementation of MR dampers as semi-active control devices for baseisolation systems has been of interest to many researchers due to their applicability to base
isolators. MR dampers can be used either in semi-active or passive mode for controlling
the response of base-isolated structures. In the passive control mode, a constant current is
applied to the damper and no feedback data is required from sensors attached to the
structure. Generally, if the current applied to the damper is maximum, the system is called
passive-on system, and the system with minimum current is called passive-off system. The
block diagram of the base-isolated structure with passive MR dampers is shown in Figure
2.7.
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Figure 2.7 Block diagram of a passively-controlled base-isolated structure with MR
dampers

In the semi-active controlled base-isolation systems with MR dampers, sensors and
a controller are required so that the feedback data from the sensors is appropriately
implemented within the controller to effectively reduce the vibration of the base-isolation
systems. The controller makes a decision based on the feedback data, providing an optimal
command current be applied to the MR damper. Depending on the applied current to the
MR damper, the amount of damping force will be specified. It should be noted that, in
contrast to active systems, semi-active systems do not add any energy to the system, where
the damper force is used for dissipating the energy. Actually, changing the current to the
damper does not change the direction of the damping force, like an active system, and just
the amount of force will be changed. Determination of the command current will be based
on the feedback data collected from different sensors attached to the structural system, such
as accelerometers, load cells, displacement transducers, etc. as well as the given semiactive controller. Figure 2.8 shows the block diagram of a semi-actively controlled baseisolated structure with MR dampers.
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Figure 2.8 Block diagram of a semi-actively controlled base-isolated structure with MR
dampers

The command current sent by the controller to the damper can be continuous or a
simple on-off type command with either maximum or minimum current. Due to this
capability of MR dampers to be controlled by adjusting the input current, many researchers
have studied the performance of the combined base-isolated structures with MR dampers.
Additionally, benchmark base-isolated building models have been also developed [80, 97]
so that the performance of different semi-active controllers for MR dampers can be
evaluated [60]. In this section, various semi-active controllers applied to base-isolated
structures with MR dampers are briefly introduced.
2.5.1 Base Isolation Systems Implementing Lyapunov Stability Control Theory
Lyapunov stability theory provides a means of stabilizing unstable nonlinear
systems using feedback control [98]. The whole idea is that if a suitable Lyapunov function
is selected and forced to decrease along the trajectories of the system, the resulting system
will converge to its equilibrium. Providing a powerful tool for solving the stability
problems in both linear and nonlinear systems, the Lyapunov stability theory has been used
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as the base for designing many controllers such as linear quadratic regulator and the sliding
mode controllers [99].
Sahasrabudhe and Nagarajaih [50] conducted experimental and analytical studies
on a base-isolated bridge model having sliding bearings combined with an MR damper.
For the experimental studies, they performed shake table tests on a 1:20 scaled bridge
model, and the MR damper was installed between the bridge deck and pier, where the
experimental setup was subjected to several near-fault earthquake ground motions. A
Lyapunov control algorithm was developed for the semi-active control of the MR damper
based on the total strain energy, the total dissipated energy and the total kinetic energy.
Results of the analytical and shake table tests were also compared. It was observed that
their semi-active control system with MR damper reduced the bearing displacements
further than the cases of passive low- and high-damping, while maintaining isolation level
forces less than the passive high-damping case.
2.5.2 Base Isolation Systems Implementing Linear Quadratic Regulator (LQR) and
Linear Quadratic Gaussian (LQG) Controllers
Linear quadratic regulator (LQR) is an optimal control regulator which uses a
feedback controller to minimize a global criterion/quadratic cost function. Linear Quadratic
Gaussian (LQG) determines an output feedback law that is optimal in minimizing the
expected value of a quadratic cost criterion. LQR/LQG methods have been frequently used
to control the response of base-isolated structures with MR dampers. Spencer et al. [75]
used the clipped-optimal controller based on the H2/LQG developed by Dyke et al. [27]
for a linear, two-degree-of-freedom, lumped-mass model of a base-isolated building
equipped with MR dampers. The smart isolation system they suggested was shown to be a
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most effective alternative for a broad class of earthquakes including near-source events.
Yoshioka et al. [37] conducted experimental studies on an adaptive base-isolated twodegree-of-freedom building model equipped with a sponge-type MR damper installed
between the base and the ground in order to provide controllable damping for the system.
They proposed a modified clipped-optimal control strategy by seeking an optimal
switching plane (by examining several weightings) for H2/LQG controller. The structural
system subjected to a wide range of ground motion intensities and characteristics, and the
results of the proposed controller were compared to those where the MR damper was
operated in passive mode with a constant current. Significant acceleration reduction over
the entire range of considered earthquake intensities was reported. Ramallo et al. [33]
compared the performance of a low-damping elastomeric base isolation system equipped
with MR dampers, called the smart base isolation system, with several passive base
isolation designs using lead-rubber bearings. A clipped-optimal controller was developed
for the smart isolation system using an H2/LQG primary controller and a clipping
secondary controller to enforce the dissipation requirement. The peak responses of the 2DOF and 6-DOF models for the base isolated structures subjected to several ground
motions were computed from the simulations. According to their conclusions, the proposed
smart base isolation system can provide superior protection from a wide range of ground
motions, whereas the passive lead-rubber bearing designs tend to be suboptimal for events
different from their design earthquake. They showed that due to the adaptive nature of the
smart damping system, it can protect the structure against extreme earthquakes without
sacrificing performance during the more frequent, moderate seismic events. Nagarajaiah
and Narasimhan [60] provided sample active H2/LQG, semi-active clipped optimal and
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semi-active skyhook controllers for the three-dimensional base-isolated benchmark
problem proposed by Narasimhan et al. [80]. The primary purpose of their study was to
illustrate and design active and semi-active controllers so that other researchers can use
them as a reference for comparing their controller performance. Guo et al. [100] conducted
a shake table testing on a base-isolated highway bridge with MR dampers subjected to
earthquake ground motions to evaluate the system performance on the reduction of
pounding between adjacent superstructure and base isolation system. MR dampers were
installed in series with rubber bearings under the superstructure and the LQR controller
was used as the semi-active controller. The results of shaking table tests were also
compared with the results from numerical simulations, which showed that the semi-active
control system with MR dampers effectively precludes pounding.
2.5.3 Base Isolation Systems Implementing Sliding Mode Control (SMC)
Sliding Mode Control (SMC) is a tool for robust control of nonlinear dynamic
systems. SMC requires the construction of a sliding surface on which the error approaches
zero which will cause a stable motion on the sliding surface [101, 102]. Fan et al. [78]
conducted shake table tests on a three-story steel frame building with a base-isolation
system placed on the first floor. The base isolation system consisted of a single 6kN force
capacity MR damper together with a sliding friction pendulum isolator and a mass
equipment (a piece of mechanical equipment with known mass) to reduce the vibration of
the equipment in the first floor. Decentralized Sliding Mode Control (DSMC) and LQG
control was used as their semi-active controller, where the command signal was determined
only using the local feedback signals. The results of the semi-active controller were
compared with passive-on and passive-off cases. Fan et. al concluded that a proper design
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of control algorithms for the semi-actively controlled isolation system can reduce the peak
response acceleration of the equipment without substantially increasing isolator
displacement and building structural response.
2.5.4 Base Isolation Systems Implementing Fuzzy Controllers
Fuzzy logic is one of the main methodologies developed for intelligent control of
systems. Fuzzy controllers use expert knowledge instead of the differential equation to
describe a system [103]. For the systems that do not have any simple accurate model or
nonlinear systems, the fuzzy information can be used to determine desirable control actions
through the implementation of rules which relate the input variables to the desired output,
or control action.
Jung et al. [65] numerically investigated the effectiveness of four different semiactive control systems for seismic protection of base-isolated building structures
implementing MR dampers. They considered the Phase I smart base-isolated benchmark
building problem suggested by Narasimhan et al. [80] employing fuzzy logic-based control
algorithms, modified clipped-optimal control, maximum energy dissipation, and the
modulated homogeneous friction controller. According to the presented results, most of the
considered control systems could be beneficial in reducing seismic responses, especially
in terms of the base displacement. They showed that if the reduction of the base
displacement is of interest with no regard to variation of the floor acceleration, the original
clipped optimal control algorithm proposed by Dyke et al. [27] could be recommended.
However, if it is necessary to reduce the base displacement without increasing the floor
acceleration, their proposed modified clipped-optimal control algorithm could be
considered as one of promising candidates for the linear benchmark base-isolated system.
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Kim and Roschke [73] used neuro-fuzzy models to represent the dynamic behavior of MR
dampers and friction pendulum systems (FPSs) as the base isolation system of a single
degree of freedom streel frame. They applied a fuzzy logic controller (FLC) to the MR
damper so as to minimize structural acceleration while maintaining acceptable base
displacement levels. In order to optimize the parameters of membership functions and find
appropriate fuzzy rules, a non-dominated multi-objective genetic algorithm (NSGA-II) was
used. The effectiveness of the proposed NSGA-II for FLC was evaluated through
numerical simulations under several historical earthquakes. Lin et al. [72] performed
experimental studies using shake table testing on a mass equipped with a base-isolation
system of high damping rubber bearings (HDRB) and a 300kN MR damper. They proposed
three different fuzzy controllers which used feedback displacement, velocity and
acceleration data from sensors attached to the structure. Based on the results from various
types of passive and semi-active control strategies, they concluded that a combination of
HDRB isolators and an adjustable MR Damper can provide robust control of vibration for
large civil engineering structures that need protection from near- and far-fault earthquakes.
Shook et al. [66] conducted a comparative analytical and experimental study of three
different algorithms for the control of seismically excited floor- and base-isolated
structures. The isolation layer was compromised of a bidirectional roller-pendulum system
(RPS) and MR dampers. The multi-input, single-output neural network control, multiinput, single-output LQR/clipped optimal control with variable gains and multi-input,
multi-output fuzzy logic control (FLC) were implemented and the Bouc-Wen model was
used to train and predict the behavior of MR dampers. According to their observations, the
LQR/clipped optimal controller with variable gains is superior to the other controllers in
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50% of the investigated cases, while the fuzzy logic controller performs well for
earthquakes with large accelerations. Neural network control is found to be effective in
minimizing the acceleration of the superstructure that is subject to moderate excitation. Ali
and Ramaswamy [64] developed two optimal FLCs, fixed rule base (FRB) and adaptive
rule base (ARB), for the base-isolated nonlinear benchmark building problem proposed by
Narasimhan et al. [80]. Acceleration and relative velocity responses at the damper locations
were taken as the inputs to the FLC system. They compared the simulation results from
their proposed controllers with the sample controller of the benchmark exercise and
indicated the improvement provided. Shook et al. [62] evaluated the performance of a
proposed hybrid isolation system composed of linear elastomeric bearings (EB), frictionpendulum bearings (FBP), shape memory alloy (SMA) wires and MR dampers with a FLC
controller for the benchmark structure proposed by Narasimhan et al. [80]. They employed
neuro-fuzzy techniques to model SMA and MR damper elements. Their results showed
that the proposed superelastic semi-active base isolation system can reduce the base drift
by 18% and maintain a favorable superstructure response. Chen et al. [74] performed realtime hybrid testing on a base-isolated two-degree-of-freedom building. The superstructure
and the low-damping base-isolator were numerically simulated and the MR damper was
tested physically. The MR damper was controlled by three different control algorithms,
including passive-on, LQR and Fuzzy Logic Controller (FLC) in real-time. In order to
compensate for the actuator delay and increase the accuracy of the tests, an adaptive phaselead compensator was used. The accuracy of their tests was evaluated by using the root
mean square error and the tracking indicator. Chen et al. concluded, based on the
experimental results, that the LQR control and FLC algorithms can effectively reduce the
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relative displacements and absolute accelerations of the superstructure compared with the
passive-on case.
2.5.5 Base Isolation Systems Implementing Neural Network Controllers
An artificial neural network is another type of intelligent controller. Artificial
neural networks were developed for emulating the biology of the human brain, resulting in
systems that learn by experience [104]. Due to the nonlinear characteristics of base isolator
elements and the MR dampers as well as the nonlinearity of the structure itself, a baseisolated structural system with MR dampers could be a highly nonlinear system. Thus, due
to the adaptive and self-organizing performance of neural network controllers, they can be
implemented into a complex system if the pre-defined data set for these controllers is well
selected. Additionally, the identification of an unknown system and evaluation of its
response can be implemented with the neural network method without building a
mathematical model of the system [105].
Lee et al. [106] proposed a semi-active neuro-controller for seismic response
reduction of the eight-story base-isolated benchmark structure with MR dampers provided
by Narasimhan et al. [80]. Their proposed controller adopts a training algorithm based on
a cost function and a sensitivity evaluation algorithm to produce the desired control force.
They employed a clipped algorithm to induce the MR damper to generate approximately
the desired control force by selecting appropriate command voltage. According to their
conclusion, the semi-active controller was able to significantly reduce the floor
acceleration, base shear, and building corner drift with a slight increase in base
displacement. Bani-Hani and Sheban [76] presented and evaluated a semi-active controllerbased neural network. The six-story base-isolated building of their study was combined
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with MR dampers in the base level. An inverse neural network model (INV-MR) and an
LQG controller were designed to replicate the inverse dynamics of the MR damper and to
produce the optimal control force, respectively. The combination of the INV-MR system
and the LQG controller was implemented for training a semi-active neuro-controller (SANC). The SA-NC controller was used to control the structure by producing the necessary
voltage to MR dampers. They used a passive system of lead-rubber bearings to compare
and assess the performance of the proposed SA-NC system under several historical
earthquake records.

2.5.6 Other Semi-Active Controllers
In addition to the aforementioned semi-active controllers, some other controllers
have been developed by researchers that mostly work based on the feedback data from
different sensors attached to the base-isolated structure. A brief description of these
controllers is provided in this section.
Nitta et al. [68] proposed a new semi-active control strategy for base-isolated
buildings implementing MR dampers. Their proposed scheme controls the magnitude of
the slip-force level of the MR damper based upon the measurement of absolute acceleration
responses, taking into account a simply approximated yet useful relationship between the
supply electric voltage and the set slip-force level. The acceleration responses relative to
the ground at the damper locations and the dampers’ forces were utilized in changing the
slip-force levels. The performance of the proposed system was compared with the clipped
optimal controller for linear isolation systems and skyhook controller for the friction
isolation system proposed by Nagarajaiah and Narasimhan [60, 107, 108]. According to
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the results they provided, the proposed controller could reduce the base shear and structure
shear without enlarging the base displacements. Chang et al. [61] presented a semi-active
control strategy for the benchmarked base-isolated structure proposed by Narasimhan et al.
[80] by implementing combined linear and nonlinear isolators with the aim of reducing the
displacement at the base level. In order to reduce the computational resources, they used a
reduced-order model for structural behavior and employed an optimal direct output
feedback control algorithm combined with nonlinear models. As shown in their results, the
control strategies can mitigate displacement response at the base significantly while
acceleration response is slightly increased at the same time by employing the proposed MR
dampers or the MR dampers of the benchmark control problem. Choi et al. [63]
numerically investigated the applicability of the MR damper-based smart passive control
with electromagnetic induction (EMI) part for seismic protection of benchmark baseisolated building proposed by Narasimhan et al. [80] with nonlinear isolation elements such
as FPBs and LRBs. The EMI part consisted of a permanent magnet and a solenoid coil
which was used to produce electric energy to the damper by changing the kinetic energy
of the reciprocation motion of the MR damper to electric energy, instead of using an
external power supply. Base on their conclusion, the proposed system had a comparable
and superior control performance to the conventional MR damper-based semi-active
control systems of Lyapunov control algorithm, maximum energy dissipation algorithm,
modulated homogeneous friction algorithm and intelligent neural network algorithm. Tu
et al. [38] implemented a generalized substructuring framework to evaluate the
performance of a single-axis base-isolated structure, dynamically substructured system (ISDSS) equipped with an MR damper. The MR damper was considered as the physical
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substructure and the superstructure and the roller-pendulum systems constituted the linear
numerical substructure. A linear inverse dynamics compensation via simulation (IDCS)
and adaptive minimal control synthetic algorithm with error feedback (MCSEF) controllers
were tailored for the control of the IS-DSS. The effectiveness of the adaptive substructuring
method against conventional shake-table testing was compared, and a 1.32% error was
reported. They concluded that the accuracy of the substructuring method compared with
the response of the shaking-table is dependent upon the fidelity of the numerical
substructure.
2.6 Summary
In this chapter, accurate MR damper and base isolator models and different semiactive control strategies for base-isolated structures with MR dampers have been reviewed.
It is essential to have accurate models for MR dampers and base isolators to be able to
numerically model the isolation layer and evaluate the efficiency of the control algorithms
as well as the performance of the structural system subjected to earthquake ground motions.
Although various kinds of semi-active control algorithms have been developed, a majority
of the studies have focused on the effectiveness of the algorithm without providing
practical design procedures for incorporating these control laws into real structures.
Without any systematic design procedure, designers have no idea how many and what type
of semi-active devices (e.g. MR dampers) need to be used to satisfy the given performance
objectives to their structures. Furthermore, the existing methods have not been rigorously
validated under earthquake ground motions with various frequency contents (i.e. long- or
short-period motions). Additionally, due to the huge cost of experimental studies, most of
these studies were conducted numerically, and the implementation of experimental
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validations were quite limited. Moreover, studies comparing the cost for implementing the
passive and semi-active controllers were not sufficiently conducted yet.
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CHAPTER 3
TRANSMISSIBILITY-BASED SEMI-ACTIVE (TSA) CONTROL ALGORITHM
3.1 General
In this chapter, a new adaptive control algorithm for base-isolated structures with
semi-active damping devices is introduced which covers the limitations of the existing
controllers described in Chapter 2. Due to the shortcomings, primarily related to the lack
of knowledge for quantitatively predicting the response of the semi-actively controlled base
isolation system under earthquake loads, the practical application of semi-actively
controlled base isolation systems is quite limited. Actually, existing control laws for the
semi-active devices are often based on control objectives that are not directly related to
minimizing the maximum structural responses of interest (e.g., the isolator displacement,
story drifts, floor accelerations) [40]. For instance, the performance of controllers such as
the linear quadratic regulator (LQR) and the sliding mode control (SMC) depends on the
proper selection of the weighting matrices along with the gradient vector of the sliding
surface [29], respectively, which is actually a challenging task for the design of semi-active
controllers for real structures. Additionally, the control objective in the design of these
controllers is based on minimizing a quadratic cost function over the entire control time
[99]. Chae [29] and chae et al. [2, 95] showed that minimizing the quadratic cost function
does not always lead to the minimization of the maximum structural response. Intelligent
controllers such as fuzzy control and neural networks work based on developing a
nonlinear system that correlates the input (e.g. feedback response) and output (e.g.,
command signal to semi-active devices) data. The optimization of the nonlinear system
depends on the training set (for neural networks) and fuzzy logics (fuzzy controls) tuned
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from selected ground motions. Thus, the performance of these controllers depends on the
selection of a pre-defined data set, implying the controller may not work well for other
inputs that have different characteristics from the pre-defined data set. In addition, the
quantitative prediction of expected structural responses using these controllers is also
difficult due to the complexity of the nonlinear system. Therefore, it is not easy to estimate
the response of structures with these control laws, which makes it difficult to incorporate
these control laws into practical design methods. The Transmissibility-Based Semi-Active
(TSA) control law introduced in this chapter can adaptively change the damping
characteristics based on the period contents in the response of structures. Basically, the
TSA controller is intended to maximize the damping of the isolation system under longperiod ground motions, while it minimizes the damping under short-period ground
motions. Furthermore, unlike existing methods, the TSA control law enables the response
prediction of base-isolated structures with semi-active damping devices without
implementing any complex nonlinear time history analysis, which can be incorporated into
a practical design procedure. Another unique feature of the proposed system is that the
proposed controller only requires local feedback data. Most controllers in the existing
studies require full-state feedback data of a structure, making the feedback system for the
controller expensive. However, the proposed controller only requires acceleration at the
base floor, which will simplify the feedback system and reduce costs.
3.2 Transmissibility-Based Semi-Active (TSA) Control Law
Once a base-isolated structure is subjected to a long-period earthquake ground
motion, the response of the structure can be amplified by the resonance effect. It is wellknown that the resonance issue can be effectively resolved by increasing the system
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damping. However, the use of large damping is not beneficial under a short-period
earthquake ground motion. These characteristics of damping on the performance of base
isolation system is well-demonstrated through the transmissibility theory shown in Figure
3.1, where the transmissibility ratios of a single-degree-of-freedom (SDOF) structure are
compared for the cases with low damping (𝜁=5%) and high damping (𝜁 =30%). Since the
motion of a base-isolated structure is predominantly governed by its fundamental mode,
the entire base-isolated structure can be approximated as an SDOF structure. As can be
observed in Figure 3.1, high damping is beneficial to reduce the transmitted force to the
superstructure when the frequency ratio 𝑓/𝑓𝑛 is less than √2 (i.e., long-period excitation),
where 𝑓 and 𝑓𝑛 are the excitation frequency and the natural frequency of the structure,
respectively. In particular, the use of high damping is very effective to reduce the
transmitted force under the resonance state, which will significantly reduce the isolator
displacement as well as other structural responses. When 𝑓/𝑓𝑛 is greater than √2 (i.e.,
short-period excitation), however, high damping increases the transmitted force, which
would be harmful to the superstructure. Therefore, the use of low damping is desirable in
this case.
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Figure 3.1 Transmissibility of an SDOF system under harmonic excitation

The proposed control law is based on the observation from the transmissibility
theory, where the damping force is controlled to be maximum under long-period
excitations, while to be minimum under short-period excitations, in order to effectively
reduce the transmitted force to the superstructure over a wide excitation frequency ranges.
This control law is similar to the one suggested by Chae and Ricles [40], but the proposed
transmissibility-based semi-active (TSA) control law is modified to improve the control
performance further. The damper force 𝑓𝑑 is determined as follows in the proposed TSA
control law [8]:
Activation (𝑓𝑑 = 𝑓𝑑 𝑚𝑎 ); 𝑖𝑓 𝑇𝑐 ≥ 𝛼1 𝑇𝑐𝑟
Damper
={
command
Deactivation (𝑓𝑑 = 𝑓𝑑 𝑚𝑖𝑛 ); 𝑖𝑓 𝑇̅𝑐 ≤ 𝛼2 𝑇𝑐𝑟

(3.1)
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where, 𝑓𝑑 𝑚𝑎 and 𝑓𝑑 𝑚𝑖𝑛 are the maximum and minimum damper force, respectively,
which can be achieved by controlling the command signal to the damper (e.g., in case of
MR dampers, 𝑓𝑑 𝑚𝑎 and 𝑓𝑑 𝑚𝑖𝑛 are the damper forces when the input currents are
maximum and minimum, respectively). 𝑇𝑐𝑟 is the critical period which is defined as: 𝑇𝑐𝑟 =
(1/√2)𝑇𝑖𝑠𝑜 , where 𝑇𝑖𝑠𝑜 is the fundamental period of the isolated structure. 𝛼1 and 𝛼2 are
user-defined parameters, which are less than or equal to 1.0. 𝑇𝑐 is the characteristic period
that is determined based on the time between zero-crossings of the base floor acceleration
𝑎𝑏𝑎𝑠𝑒 (see Figure 3.2). Although the earthquake response of a structure is quite different
from the steady-state response of the structure under harmonic excitation, 𝑎𝑏𝑎𝑠𝑒 can
provide a useful information for excitation frequency that can be applied toward the
transmissibility theory in Figure 3.1. For example, period contents that are shorter than 𝑇𝑖𝑠𝑜
will be predominantly observed in 𝑎𝑏𝑎𝑠𝑒 if the base-isolated structure is subjected to a
short-period earthquake ground motion. On the other hand, if the base-isolated structure is
subjected to a long-period ground motion, period contents that are close to 𝑇𝑖𝑠𝑜 will be
observed more in 𝑎𝑏𝑎𝑠𝑒 , where the damper may need to be activated since the use of high
damping is effective in such a case. At every time step, 𝑇𝑐 is assigned to be the same as the
previous time step’s 𝑇𝑐 unless zero-crossing occurs; if zero-crossing occurs, 𝑇𝑐 at that time
step will be updated as described in Figure 3.2. 𝑇𝑐 is set to be zero initially.
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Figure 3.2 Definition of characteristic period (𝑇𝑐 )

For a harmonic excitation leading to a steady-state response, the theoretical value
of 𝛼1 is 1.0, and the damper will be activated when 𝑇𝑐 ≥ 𝑇𝑐𝑟 . However, the situation will
be different under earthquake loads. Natural earthquake ground motions contain a wide
range of frequency contents. Even a strong long-period ground motion includes various
degrees of high-frequency contents, resulting in small 𝑇𝑐 values that make the damper
activation delayed or impossible. Therefore, 𝛼1 needs to be less than 1.0 under earthquake
loads.
Once the damper is activated, it is deactivated only when the deactivation condition
given in equation (3.1) is satisfied. Based on Figure 3.1, a harmonic excitation can be
classified as a short-period excitation if 𝑇𝑐 is less than 𝑇𝑐𝑟 (=𝑇𝑖𝑠𝑜 /√2), where the damper
needs to be deactivated. Under earthquake loading, 𝑇𝑐 can be frequently less than 𝑇𝑐𝑟 even
under a strong long-period earthquake ground motion as explained earlier. Keeping the
damper activated will make the system effective under such a strong long-period
earthquake ground motion, rather than having the damper frequently change its states by
the inherent high-frequency contents in the ground motion. The deactivation condition in
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equation (3.1) was developed to effectively avoid this problem, where 𝑇̅𝑐 is the average of
recent 𝑇𝑐 values over the time length of the grant time

𝐺𝑇 ,

and 𝛼2 is a constant less than 1.

By having the average value of 𝑇𝑐 , the deactivation will be less affected by the highfrequency excitation. Furthermore, once the damper is activated, the damper is controlled
to be in the activation mode at least for the duration of

𝐺𝑇

in the proposed TSA control

law. That is to say, the damper is not deactivated during the initial

𝐺𝑇

period, and the

average process of 𝑇𝑐 to check the deactivation condition is only implemented after

𝐺𝑇

from the moment of activation. This will also make the deactivation decision less affected
by disturbance from the high-frequency excitation. Once the damper is deactivated, it will
remain deactivated until the activation condition is met.
𝐺𝑇 ,

𝛼1 , and 𝛼2 are user-defined parameters. If

𝐺𝑇

is set to be long and a strong

short-period ground motion is assumed to be followed by a long-period motion, the damper
can still remain activated even under the strong short-period motion, which is not desirable.
If

𝐺𝑇

is too small, deactivation can be affected by the high-frequency contents in the

ground motion. Therefore, appropriate values for these parameters need to be used. In order
to further resolve the high-frequency excitation issue, it is strongly suggested to apply a
low-pass filter to 𝑎𝑏𝑎𝑠𝑒 before finding 𝑇𝑐 . The use of a low-pass filter will also effectively
resolve the noise issue in the measured acceleration signal of 𝑎𝑏𝑎𝑠𝑒 .
It is noteworthy that the proposed TSA controller is a decentralized one that only
needs local feedback data, 𝑎𝑏𝑎𝑠𝑒 , while most existing semi-active control algorithms for
base isolation systems require full-state feedback data. Thus, the cost for constructing a
sensor network for signal feedback can be significantly reduced by using the proposed TSA
control law.
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3.3 Summary
In this chapter, a new transmissibility-based semi-active (TSA) control law was
developed in order to improve the performance of base-isolated structures with semi-active
damping devices under earthquake ground motions with various frequency contents. The
control law is based on the transmissibility theory of an SDOF structure subjected to a
steady-state response under harmonic loading, where the use of high and low damping are
beneficial under long- and short-period excitations, respectively. Based on the TSA control
law, the damping of the base-isolated structure can be adaptively changed depending on
the frequency contents in the response of the base-isolated structure subjected to
earthquake loading to achieve maximum damping under long-period excitations and
minimum damping under short-period excitations. The TSA controller is also costeffective since it does not require the full-state feedback of the structural response, unlike
most existing controllers. Furthermore, it can be incorporated into a practical design
procedure, which is called the Simplified Design Procedure in this dissertation and will be
discussed in detail in Chapter 4.
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CHAPTER 4
SIMPLIFIED DESIGN PROCEDURE FOR BASE-ISOLATED STRUCTURES
WITH MR DAMPERS
4.1 General
In order to practically implement semi-active damping devices into the structures,
systematic design procedures should be developed and used. Without any systematic
design procedure, designers have no idea how many and what type of semi-active devices
need to be used to satisfy the given performance objectives to their structures to be
designed. In order to improve the shortcomings related to the practical design of semiactive systems, Fan [109] evaluated the performance of non-ductile reinforced concrete
frame buildings with viscoelastic dampers and proposed a design procedure for a structure
with viscoelastic dampers. Lee et al. [110, 111] presented a systematic design procedure
for the preliminary seismic design of frame buildings with viscoelastic or high-damping
elastomeric materials. They conducted numerical nonlinear dynamic time history analyses
to show that the steel special moment resistant frames (SMRFs) designed based on their
proposed design procedure can achieve the specified seismic performance objectives. Chae
[29] developed a systematic analysis procedure for the design of single-degree-of-freedom
structures with MR dampers by implementing a quasi-static MR damper model for
determining the loss factor and effective stiffness. By extending the proposed simplified
analysis procedure, Chae [29] also formulated a design procedure for multi-degree-offreedom structures with MR dampers. In order to evaluate the performance of the proposed
procedure, the expected response was compared with a series of nonlinear time history
analyses using OpenSees [112]. He proved that the Herschel-Bulkley quasi-static model
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for estimating the effective stiffness and energy dissipation for MR dampers can
satisfactorily estimate the response of structures with MR dampers under various
earthquake loads.
As explained in Chapter 3, the proposed TSA control law maximizes the damping
force under long-period ground motions, while it minimizes the damping force under shortperiod ground motions. This control law can be achieved as well by operating the baseisolated structure with its maximum damping (i.e., activation case in equation (3.1)) under
normal conditions and deactivating the damper only when the deactivation condition is
satisfied. Therefore, the base isolated structure with the proposed TSA control law can be
designed first as a typical passive base isolation system, where the semi-active damping
device is passively controlled with its maximum input command, i.e. passive-on system. If
the semi-active damping device is passively controlled with its minimum input command,
it is called the passive-off isolation system in this dissertation. It should be mentioned that
the TSA control algorithm is applicable for base-isolated structures in combination with
any kind of semi-active damping devices able to switch between the maximum and
minimum damping modes.
The proposed systematic design procedure of this study is called the Simplified
Design Procedure which is able to predict the behavior of base-isolated structures with MR
dampers. This procedure combines the bilinear model for base isolators and the quasi-static
Herschel-Bulkley model for MR dampers.
4.2 Simplified Design Procedure
In this section, first, details related to energy dissipation and effective stiffness of
the bilinear model for base isolators are provided. Then, different quasi-static models for
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MR dampers will be presented, and the procedure for identifying the effective stiffness and
equivalent damping ratio based on the Herschel-Bulkley quasi-static model will be
introduced. Lastly, details of the combined models of the bilinear base isolator model and
the Hershel-Bulkley model will be provided, along with the procedure how to estimate the
response of the base isolation system with MR dampers.
4.2.1 Bilinear Model for Base Isolators
The effective stiffness and the amount of dissipated energy of base isolators can be
reasonably estimated by using a bilinear model. Figure 4.1 shows a bilinear model for base
isolators. Prior to the yielding of the isolator, the initial stiffness of the isolator is found
from the ratio of the force to the corresponding displacement (i.e., 𝑘𝑖 ). After the yielding
point, (where 𝑄𝑦 and

𝑦

are the yield force and yield displacement, respectively), the

relationship between the force and displacement is correlated with the yield stiffness, 𝑘𝑦 .
At the maximum displacement of
isolator is maximum as well (i.e., 𝑓

, the corresponding restoring force from the base
𝐵𝐼 ).

Once the motion is reversed, the force will

decrease along the line with the same slope as the initial stiffness. Then, the forcedisplacement relation continues with the slope of 𝑘𝑦 , once the isolator has yielding again
at the negative force side, up to the maximum negative displacement.
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𝑓𝐵𝐼

𝑓

𝑘𝑦
𝑘𝑒

𝐵𝐼

𝐵𝐼

𝑄𝑦

𝑦

𝑘𝑖

Figure 4.1 Bilinear model force-displacement relationship

The maximum restoring force from the isolator, 𝑓

𝐵𝐼 ,

is of interest in the

simplified design procedure which equals
𝑓𝑚𝑎

𝐵𝐼

= 𝑄𝑦 + 𝑘𝑦 (

−

𝑦)

(4.1)

4.2.1.1 Effective Stiffness of Bilinear Model
Due to the nonlinear performance of the base isolators, the effective stiffness should
be defined accurately so that the natural period of the structure and the corresponding
response of the base-isolated structure can be well-estimated. The effective stiffness is
defined herein as the ratio of the maximum force corresponding to the maximum
displacement:
𝑘𝑒
where, 𝑓𝑚𝑎

𝐵𝐼

displacement of

𝐵𝐼

= 𝑓𝑚𝑎

𝐵𝐼 /

(4.2)

is the corresponding restoring force of base isolator at the maximum
. The definition of 𝑘𝑒

schematically shown in Figure 4.1.

𝐵𝐼

for the bilinear model of base isolators is
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4.2.1.2 Energy Dissipation of Bilinear Model
The amount of energy dissipation by the bilinear model is determined from the area
of the hysteresis loop of the force-displacement relationship, which is given in the
following equation.
𝐸𝐷 𝐵𝐼 = 4( 𝑄𝑦 −

𝑦𝑓

𝐵𝐼

)

(4.3)

4.2.2 Quai-Static Models for MR Dampers
Three different quasi-static models which can be used for modeling the response of
an MR damper are provided in this chapter, i.e., the simple frictional model, the Bingham
model, and the Herschel-Bulkley models [29]. The MR damper force is dependent on the
velocity. Once the damper is subjected to a constant velocity, the quasi-static behavior is
observed. The simple frictional model has a rectangular shape force-displacement loop as
shown in Figure 4.2, and the damper force is presented as
𝑓

= 𝑓 𝑠𝑖𝑔𝑛( ̇ )

(4.4)

and ̇ in equation (4.4) are the damper displacement and velocity, respectively. 𝑠𝑖𝑔𝑛()
is the signum function; if ̇ is positive, 𝑠𝑖𝑔𝑛( ̇ ) is equal to positive one, otherwise, it is
negative one.
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𝑓

𝑓
𝑘𝑒

𝑓

𝑓
̇
̇

(b)

(a)

Figure 4.2 Simple frictional model for MR dampers; (a) force-displacement relationship,
(b) force-velocity relationship

The Bingham quasi-static MR damper model consists of a frictional element in
parallel with a linear dashpot. The force-displacement relationship of the Bingham model
is shown in Figure 4.3, where the damper force is given as
𝑓

= 𝑓 𝑠𝑖𝑔𝑛( ̇ ) + 𝐶 ̇

𝐶 in equation (4.5) is the dashpot coefficient of the Bingham model.

(4.5)
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𝑓
𝑓𝑚𝑎

𝑓
𝑓𝑚𝑎

𝑘𝑒

𝑓

𝑓
̇
̇

(a)

(b)

Figure 4.3 Bingham model for MR dampers; (a) force-displacement relationship, (b)
force-velocity relationship

The quasi-static Herschel-Bulkley model for MR dampers consists of a nonlinear
viscous dashpot in parallel with a frictional element. Figure 4.4 shows the forcedisplacement relationship of this model. The damper force is given as
= (𝑓 + 𝐶| ̇ |𝑛 )𝑠𝑖𝑔𝑛( ̇ )

𝑓

(4.6)

By changing the Herschel-Bulkley parameters of 𝐶 and 𝑛, it can model both the
Bingham model, with 𝑛=1, and the simple friction model, with 𝐶=0. Depending on the
input current to the MR damper, the values for 𝐶, 𝑛 and 𝑓 parameters can be appropriately
defined by conducting characterization tests. Based on equation (4.6), the maximum
damper force of the Hershel-Bulkley model is
𝑓

= 𝑓 + 𝐶| ̇ |𝑛

(4.7)

The accuracy of the Herschel-Bulkley quasi-static model for estimating the
response of the structural systems with MR dampers has been demonstrated by Chae and
Chae et al. [29, 113].
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̇
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Figure 4.4 Herschel-Bulkley model for MR dampers; (a) force-displacement relationship,
(b) force-velocity relationship

4.2.2.1 Effective Stiffness of the Herschel-Bulkley Quasi-Static Model
Depending on the amount of current input to the MR damper, the stiffness provided
by the damper to the structure will vary. Thus, the effective stiffness of the MR damper has
a direct influence on the natural period of the structure and should be well-defined
accordingly. The same procedure used in defining the effective stiffness of the bilinear
model for base isolators is used for MR dampers in this section. From Figure 4.4, the
effective stiffness of a passively-controlled MR damper is defined to be:
𝑘𝑒

=𝑓 /

where, 𝑓 is the corresponding damper force at the maximum displacement of

(4.8)
.

4.2.2.2 Energy Dissipation of the Herschel-Bulkley Quasi-Static Model
Assuming that a harmonic displacement motion of ( ) with the amplitude of
and the excitation frequency of ω is applied to the MR damper as
( )=

sin(𝜔 )

(4.9)
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then, the dissipated energy in one cycle of the harmonic motion will be equal to
2𝜋
𝜔

𝐸𝐷

(4.10)

= ∫ 𝑓( ) ̇ ( )𝑑

Substituting equations (4.6) and (4.9) into equation (4.10), and then evaluating the
integration of equation (4.10) will result in the following equation for the amount of
dissipated energy of the Hershell-Bulkley model over a complete single cycle:
𝐸𝐷

+ 2𝑛+2 𝐶𝛾(𝑛)

= 4𝑓

1+𝑛

𝜔𝑛

(4.11)

where
𝑛
𝛤 2 (1 + )
2
𝛾(𝑛) =
𝛤(2 + 𝑛)

(4.12)

and Γ() is the gamma function [24]. When 𝑛=1, the Hershell-Bulkley model becomes the
Bingham model, and the amount of dissipated energy for the Bingham model is
𝐸𝐷

= 4𝑓

+ 𝜋𝐶𝜔

2

(4.13)

The amount of dissipated energy of the simple frictional is obtained by inserting
𝐶=0 into equation (4.13)
𝐸𝐷

= 4𝑓

(4.14)

4.2.3 Combined System of Base Isolators and MR Dampers
As long as the effective period (𝑇𝑒 ) and the equivalent damping ratio (𝜁𝑒𝑞 ) for the
passive-on isolation system are identified, the passive-on isolation system can be designed
by incorporating 𝑇𝑒

and 𝜁𝑒𝑞 into the current seismic design procedure for base-isolated

structures such as provided in ASCE7 (2010) [1]. Then, the base isolation system can be
controlled with the proposed TSA control law to maximize its effectiveness under both
long- and short-period earthquake ground motions.
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𝑇𝑒

and 𝜁𝑒𝑞 for an isolation system can be identified from the typical force-

deformation relationships of base isolators and passively controlled semi-active dampers.
It should be noted that the motion of a base-isolated structure is predominantly governed
by its fundamental mode. Thus, the entire base-isolated structure can be approximated as
an SDOF structure.
The goal here is to find the maximum displacement

and the maximum base shear 𝑉𝑚𝑎

of an isolation system using the design spectrum in terms of the given properties for the
base isolator and MR damper. In order to identify the effective period of the base isolation
system, the effective stiffness of the base isolator (𝑘𝑒

𝐵𝐼 )

and MR damper (𝑘𝑒

)

explained in detail in previous sections should be employed. Since the isolator and MR
damper are installed in parallel, they will have the same maximum displacement

. Thus,

the effective period of the isolation system is determined as
𝑇𝑒

= 2𝜋√𝑚𝑡 /(𝑘𝑒

𝐵𝐼

+ 𝑘𝑒

)

where, 𝑚𝑡 is the total mass of the isolated building. It should be noted that 𝑇𝑒
of

(4.15)
is a function

. The equivalent damping ratio 𝜁𝑒𝑞 of the isolation system is determined from the

strain energy and dissipated energy over a single cycle. The strain energy of the system 𝐸
is
1
𝐸𝑠 = (𝑘𝑒
2

𝐵𝐼

+ 𝑘𝑒

)

2

(4.16)

The dissipated energy over a single cycle 𝐸𝐷 is the same as the sum of the dissipated
energy by the base isolator and the MR damper from their hysteresis loops as
𝐸𝐷 = 𝐸𝐷 𝐵𝐼 + 𝐸𝐷
Then, the equivalent damping ratio of the isolation system can be found as

(4.17)
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𝜁𝑒𝑞 =
With the identified 𝑇𝑒

1 𝐸𝐷
4𝜋 𝐸

(4.18)

and 𝜁𝑒𝑞 from equations (4.15) and (4.18),

can be found

using the design spectrum for displacement, 𝑆𝐷 , as
= 𝑆𝐷 (𝑇𝑒 , 𝜁𝑒𝑞 )
It should be noted that 𝑇𝑒

and 𝜁𝑒𝑞 are nonlinear functions of

to analytically solve equation (4.19) for
with an assumed initial value of

(4.19)
, making it difficult

. Thus, equation (4.19) can be solved iteratively

. For the given

, 𝑇𝑒

and 𝜁𝑒𝑞 are updated at each

iteration step using equations (4.15) and (4.18), respectively. It should be also noted that
ASCE7-10 [1] provides coefficients (i.e., 𝐵𝐷 and 𝐵 for the design based and maximum
considered earthquake ground motions, respectively) for various equivalent damping ratios
(𝜁𝑒𝑞 ) which should be considered at each iteration step for finding

. Then, new

obtained from equation (4.19), and this procedure needs to be repeated until
Once

is

converges.

is found from the iteration procedure, this can be used to design the

maximum displacement of the base isolators and MR dampers. The maximum design force
developed in the isolator can be found from equation (4.1) and the maximum design force
for the MR damper is determined from equation (4.7). It should be noted that the maximum
design velocity of the damper ̇ is obtained from the pseudo-velocity as follows
̇ = (2𝜋/𝑇𝑒 )

(4.20)

The maximum design shear force 𝑉𝑚𝑎 transmitted to the superstructure by the base
isolator and MR damper is equal to the sum of the maximum forces from equations (4.1)
and (4.7) as
𝑉𝑚𝑎 = 𝑓𝑚𝑎

𝐵𝐼

+ 𝑓𝑚𝑎

(4.21)
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which can be used for designing the superstructure. The block diagram providing the
details of the simplified design procedure is shown in Figure 4.5.
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Figure 4.5 Block diagram of the simplified design procedure for base-isolated structures
with MR dampers
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4.3 Summary
In this chapter, a systematic procedure for estimating the response of the baseisolated structures with MR dampers was developed based on the abilities provided by the
TSA control law. This procedure was named the simplified design procedure, enabling the
design of base-isolated structures with MR dampers without conducting nonlinear time
history analysis. The simplified design procedure works based on the effective period and
equivalent damping ratio. The equations describing the energy dissipation and effective
stiffness of the base isolators and MR dampers were presented using the bilinear model
and the Herschel-Bulkley model, respectively.
The performance of the TSA controller and the accuracy of the simplified design
procedure will be evaluated numerically in Chapter 5 for a full-scale base-isolated threestory building with MR dampers. Experimental evaluation of the proposed methods will
be presented in Chapter 6 through conducting real-time hybrid simulations for a smallscale base-isolated structure with MR dampers.
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CHAPTER 5
NUMERICAL ASSESSMENT OF THE ADAPTIVE BASE ISOLATION
5.1 General
In this chapter, the performance of the TSA control system proposed in Chapter 3
is assessed by conducting numerical simulations. The simplified design procedure
developed in Chapter 4 is incorporated into the design of a three-story base-isolated
building with MR dampers. The highly nonlinear behavior of the base isolated system is
analyzed by using the Maxwell Nonlinear Slider (MNS) model and the Bouc-Wen model
for the MR dampers and the base isolators, respectively, into the numerical simulations
based on the nonlinear time history analysis (NTHA). Various earthquake ground motions
are employed for the NTHA in this Chapter. The earthquake ground motions are classified
into long-period and short-period motions based on the frequency contents and the natural
periods of the base isolated structures. The responses of the structure under these
earthquake ground motions are provided along with the statistical analysis of the results.
5.2 Design of a Base-Isolated Building with MR Dampers
A base-isolated three-story building with MR dampers shown in Figure 5.1 is
designed in this section by using the simplified design procedure to validate the
performance of the proposed TSA controller. The building is assumed to be located in the
Los Angeles area, California, where the design spectrum of the building is given in
accordance with ASCE7-10 [1]. The spectral accelerations for short period and 1-second
period are taken as 2.0g and 1.0g, respectively. The site is assumed to be a class B area
(Site Class B). For simplicity, the superstructure is assumed as a shear building with floor
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masses and story stiffnesses as: 𝑚𝑏 = 𝑚1 = 𝑚2 = 𝑚3 = 1 0 kN.sec2/m, 𝑘1 =

,264

kN/m, 𝑘2 =25,588 kN/m and 𝑘3 =17,912 kN/m.

𝑘3
𝑘2
𝑘1

Conventional
base isolator

𝑚3

𝑢3

𝑚2

𝑢2

𝑚1

𝑢1

𝑚𝑏

𝑢𝑏

MR Damper

Figure 5.1 Schematic of a base-isolated building with MR dampers

The design parameters for the base isolator and MR damper are provided in Tables
5.1 and 5.2, respectively. A detailed explanation of the parameters in these two tables is
provided in Chapter 2. When the MR damper is controlled passively with its maximum
input current (i.e., 𝐼 = 𝐼𝑚𝑎 ), the system becomes the passive-on isolation system. On the
other hand, it becomes the passive-off isolation system when the input current to the MR
damper is zero (i.e., 𝐼 = 0). With these design parameters, the passive-off and passive-on
isolation systems are designed by using the simplified design procedure provided in
Chapter 4, where the design results of each structural system are provided in Table 5.3. It
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can be shown that the equivalent damping ratios for the passive-off and passive-on isolation
systems are 𝜁𝑒𝑞 =10% and 𝜁𝑒𝑞 =40%, respectively, implying that the system damping can
be changed between these two values by controlling the input current to the MR damper of
this study.

Table 5.1 Design parameters for the base isolator
Bilinear model parameters
𝑄𝑦 (kN)
𝑢𝑦 (m)
𝑘𝑦 (kN/m)
100.0

0.0135

3333.0

Table 5.2 Design parameters for the MR damper
Hershel-Bulkley MR damper model
Input current
𝐼 = 𝐼𝑚𝑎 (passive-on)
𝐼 = 0 (passive-off)

𝑓 (kN)

𝐶 (kN∙s/m)

𝑛

120.0
10.0

925.0
215.0

1.0
1.0

Table 5.3 Design results of each structural system
Without base
Passive-off
isolation
isolation
(fixed-base)
system
1st mode
1.04
2.75
nd
Natural periods (s)
2 mode
0.41
0.63
3rd mode
0.27
0.35
Maximum isolation displacement
0.462
(𝑢 , m)
Equivalent damping ratio (𝜁𝑒𝑞 , %)
3
10
Ratio of base shear to total weight
(𝑉𝑚𝑎 /𝑊)

0.82

0.32

Passive-on
isolation
system
2.59
0.62
0.35
0.273
40
0.30

The values provided in Table 5.3 are obtained from the design basis earthquake
(DBE) level design spectrum. With the use of isolators, the fundamental periods of the base
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isolated structures are elongated from 1.04s to 2.75s and 2.59s for the passive-off and
passive-on isolation systems, respectively. The natural periods of the passive-off and
passive-on isolation systems were calculated by incorporating the identified effective
stiffness of the base isolator and MR damper from the simplified design procedure (i.e.,
equations (4.2) and (4.8), respectively) into the stiffness matrix of the entire system. The
effective periods determined from the simplified design procedure are 2.61s and 2.44s for
the passive-off and passive-on isolation systems, respectively, which are closely made to
the fundamental periods of the passive-off and passive-on isolation systems for the threestory building. The fundamental period of the passive-off isolation system is larger than
that of the passive-on isolation system because the larger MR damper force of the passiveon isolation system increases the effective stiffness of the entire system. The larger damper
force also resulted in an increased effective damping ratio, which can significantly reduce
the base isolator displacement by dissipating more energy. The base shear is significantly
reduced by having an isolation system, as can be observed from the ratios of the base shear
to the total building weight (𝑉𝑚𝑎 /𝑊) in Table 5.3, showing the well-known advantage of
the use of the base isolation system. However, no significant difference is observed in the
ratios of 𝑉𝑚𝑎 /𝑊 between the passive-off and passive-on isolation systems. The increased
MR damper force in the passive-on isolation system can increase the base shear, but the
increased damping ratio can also effectively reduce the spectral acceleration as well as the
base shear; thus, the base shear from the passive-on isolation system can be similar to that
from the passive-off isolation system as provided in Table 5.3.
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5.3 Selected Earthquake Ground Motions
The designed superstructure is subjected to various earthquake ground motions
provided in this section. A given earthquake ground motion can be considered as a shortperiod or long-period motion depending on the fundamental period of a structure and the
predominant frequency contents in the earthquake. If the ratio of the spectral acceleration
of a given earthquake at the fundamental period of the passive-on isolation system to that
at the fundamental period of the structure without base isolation is greater than 0.4, the
earthquake ground motion is classified as a long-period motion; otherwise, it is classified
as a short-period motion. Tables 5.4 and 5.5 provide the list of selected long- and shortperiod earthquake ground motions based on this classification rule.

ID

Table 5.4 Long-period earthquake ground motions
Earthquake
Year
Station
Magnitude

Component

1

Imperial Valley

1979

El Centro Array No. 6

6.5

230

2

Northridge

1994

Sylmar Converter

6.7

052

3

Manjil, Iran

1990

Abbar

7.4

Transverse

4

Northridge

1994

Jensen

6.7

022

5

Chi-Chi, Taiwan

1999

CHY101

6.3

E

ID

Table 5.5 Short-period earthquake ground motions
Earthquake
Year
Station
Magnitude

1

Northridge

1994

Canyon County-WLC

6.7

270

2

Landers

1992

Coolwater

7.3

Longitudinal

3

Loma Prieta

1989 Capitola CDMG 47125

6.9

090

4

Northridge

1994

Beverly Hills

5.3

279

5

Kocaeli, Turkey

1999

Duzce

7.5

180

Component
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Spectral accelerations of these long- and short-period earthquake ground motions
are plotted in Figure 5.2 along with their average values. It can be clearly observed that the
averaged spectral accelerations of the long-period earthquake ground motions are much
larger than those of the short-period earthquake ground motions around the fundamental
periods of the isolation systems.

Figure 5.2 Spectral accelerations for selected long- and short-period earthquake ground
motions

5.4 Numerical Modeling of the Three-Story Base-Isolated Building
The equations of motion of the base-isolated three-story building with MR dampers
in Figure 5.1 is given as:
𝐌𝐮̈ + 𝐂𝐮̇ + 𝐊𝐮 = 𝚲𝑓 − 𝐌𝚪 ̈𝑔

(5.1)
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In equation (5.1), 𝐌 is the diagonal mass matrix consisting of floor masses
[𝑚𝑏 𝑚1 𝑚2 𝑚3 ]; 𝐂 is the damping matrix based on the Rayleigh’s damping of the fixedbase building with 3% modal damping ratio for its 1st and 2nd modes, where the damping
terms from the base isolator and MR damper are set to be zeros in 𝐂; 𝐊 is the stiffness
matrix of the isolated building, where the stiffness contribution from the base isolator and
the MR damper is set to be zero; 𝐮 = [𝑢𝑏 𝑢1 𝑢2 𝑢3 ]𝑇 is the displacement vector, where 𝑢𝑏 ,
𝑢1 , 𝑢2 , and 𝑢3 are the displacements of the base, 1st, 2nd, and 3rd floors, respectively (see
Figure 5.1); 𝐮̇ and 𝐮̈ are the velocity and acceleration vectors, respectively; 𝚲=[−1 0 0 0]𝑇 ,
𝚪 is the unit vector of which all the rows are 1, and ̈𝑔 is the input earthquake ground
acceleration; 𝑓 is the sum of the restoring forces from the base isolator and the MR damper,
i.e.,
𝑓 = 𝑓𝐵𝐼 + 𝑓
where, 𝑓𝐵𝐼 and 𝑓

(5.2)

are the restoring forces from the base isolator and the MR damper,

respectively, which are obtained from equation (2.1) for the base isolator and equation (2.7)
for the MR damper. 𝑢𝑏 is the displacement of the base floor, but this is also same as the
displacements of the base isolator and the MR damper.
The parameters for the hysteretic Bouc-Wen model for the base isolator are
provided in Table 5.6, and were determined to be compatible with the design parameters
of the bilinear model in Table 5.1.

Table 5.6 Parameters of the base isolator based on the Bouc-Wen hysteresis model
𝑘𝑦
𝑄𝑦
𝑢𝑦
𝑘𝑖
𝑄𝑏
A
m
𝛾
𝛽
(kN/m) (kN/m)
(kN/m)
(kN)
(m)
7400.0 3333.0
100.0
0.0135
55.0
5.0
5.0
100.0
2.0
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The parameters for the MNS MR damper model are provided in Table 5.7 and are
determined to be compatible with the design parameters of the Hershel-Bulkley model in
Table 5.2. It should be noted that the parameters 𝑓 and 𝐶 are the same as the parameters 𝑎
and 𝑏 of equation (2.7), respectively.

Table 5.7 Parameters for the MNS MR damper model [8]
𝑐
𝑘
𝑓
𝐶
Input current
(kN.s/m)
(kN/m)
(kN)
(kN.s/m)
90,000
900,000
10
215
𝐼=0
90,000
900,000
120
925
𝐼 = 𝐼𝑚𝑎

𝑛
1
1

As explained in Chapter 2, the original MNS model has more parameters such as
̇ 𝑡 and 𝑚 to more accurately capture the actual MR damper response, but these additional
parameters were set to be zeros in the numerical simulations in this chapter for simplicity.
In order to simulate the electromagnetic dynamics of the MR damper, the variable current
MNS model [94] is used, where the current in the damper coil (𝐼) is related to an equivalent
current (𝐼𝑒𝑞 ) through a nonlinear differential equation as
̇ = 𝜂(𝐼𝑟̇ )(𝐼 − 𝐼𝑒𝑞 )
𝐼𝑒𝑞

(5.3)

𝐼𝑟 in equation (5.3) is considered to account for the eddy current effect and 𝜂(𝐼𝑟̇ ) is defined
as
𝜂(𝐼𝑟̇ ) = {

𝜓 + 𝐼𝑟̇ + 𝜂1 ;
𝜓 − 𝐼𝑟̇ + 𝜂1 ;

𝑖𝑓 𝐼𝑟̇ ≥ 0
𝑖𝑓 𝐼𝑟̇ < 0

(5.4)

where
𝐼𝑟̇ = 𝜂 (𝐼 − 𝐼𝑟 )

(5.5)
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𝜂 , 𝜂1 , 𝜓 + and 𝜓 − in equations (5.4) and (5.5) are constant parameters and are set to be the
same as those values provided by Chae et al. [94] for a full-scale MR damper as: 𝜂 =24.96,
𝜂1 =3.57, 𝜓 + =0.31 and 𝜓 − =-0.30. The use of these values resulted in about 0.9s of rise
time for the MR damper in the numerical simulations.
5.4.1 Integration Algorithm and Numerical Simulation Modeling
All numerical simulations of this chapter were implemented using the
MATLAB/Simulink program [114]. The unconditionally stable explicit CR integration
method [115] was used to solve equation (5.1), where the variations in the displacement
and velocity vectors of the structure over a time step of 𝛥 are defined as
𝐮̇ 𝐢+𝟏 = 𝐮̇ 𝐢 + 𝜶𝟏 . Δt. 𝐮̈ 𝐢

(5.6)

𝐮𝐢+𝟏 = 𝐮𝐢 + 𝚫𝐭. 𝐮̇ 𝐢 + 𝜶𝟐 . Δt 2 . 𝐮̈ 𝐢

(5.7)

𝐮𝐢 , 𝐮̇ 𝐢 and 𝐮̈ 𝐢 in equations (5.6) and (5.7) are the displacement, velocity, and acceleration
vectors of the structure at the 𝑖th time step, respectively. 𝜶𝟏 and 𝜶𝟐 are also the matrices
of integration parameters defined as [115]
𝜶𝟏 = 𝜶𝟐 = 4. {4. 𝐌 + 2. Δt. 𝐂 + Δt 2 . 𝐊} −𝟏 . 𝐌

(5.8)

The Bouc-Wen model was modeled using the built-in Simulink elements, and the
differential equations were solved using the internal solver based on the fourth order
Runge-Kutta method. The forces from the Bouc-Wen base isolator and the MNS MR
damper models are fed into the CR integrator block, and the structural response including
the base acceleration (𝑎𝑏𝑎𝑠𝑒 ) is obtained by solving equation (5.1). A low-pass Butterworth
filter is then applied to 𝑎𝑏𝑎𝑠𝑒 to find 𝑇𝑐 better for implementing the proposed TSA control
law of equation (3.1), where the fundamental period of the passive-on isolation system was
assumed to be 𝑇𝑖𝑠𝑜 (i.e., 𝑇𝑖𝑠𝑜 =2.59s); thus, 𝑇𝑐𝑟 = 𝑇𝑖𝑠𝑜 /√2 =1.83s. Figure 5.3 shows the
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block diagram for the numerical simulations of the adaptively controlled base-isolated
structure with an MR controlled by the TSA control law.

Integration
algorithm
Ground
Motion
MR Damper
Force

Structural
Response
TSA
control algorithm

MNS MR Damper
Model

Command
Current

+
Base Isolator
Restoring Force

Butterworth
Low-pass
filter

Base
Acceleration

Base Isolator
Bouc-wen Model

Figure 5.3 Block diagram for numerical simulation of adaptively controlled base-isolated
structure with MR damper controlled by the TSA control law

5.5 Response Assessment of the Proposed System
The time history response of the designed base-isolated structure is provided in this
section to evaluate the performance of the proposed system under various earthquake
ground motions. The results from a selected long-period ground motion (1979 Imperial
Valley earthquake) are provided with more details and compared with those from a selected
short-period ground motion (1989 Loma Prieta earthquake). The results from other shortand long-period ground motions are given in Appendix A.
5.5.1 Response under a Long-Period Ground Motion
Figure 5.4 shows time history responses of the base-isolated building under the
1979 Imperial Valley earthquake which was classified as a long-period earthquake ground
motion. As can be observed, the passive-on isolation system performs better than the
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passive-off isolation system in terms of reducing the isolator displacement, story drift,
velocity, and acceleration demands, implying that the use of high damping is beneficial to
reduce structural response under long-period earthquake ground motions. The 3rd story drift
in Figure 5.4 represents the relative displacement of the 3rd floor with respect to the 2nd
floor displacement. It can be clearly observed that the proposed control law shows a very
similar performance to the passive-on isolation system, taking advantage of high damping
under the long-period earthquake ground motion. For example, the maximum isolator
displacement of the building controlled with the proposed method is 0.257m, which is
almost the same as that of the passive-on isolation system, while much smaller than that of
the passive-off isolation system (0.491m). The results of other floors are similar to the
response observed in Figure 5.4.
Figure 5.5 shows the base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) of the building under the 1979
Imperial Valley earthquake, which was controlled by the proposed TSA control law. As
described earlier, a low pass filter needs to be applied to 𝑎𝑏𝑎𝑠𝑒 in order to minimize the
effect of the high-frequency oscillations on the performance of the proposed controller. A
6th order Butterworth filter was applied to 𝑎𝑏𝑎𝑠𝑒 with a cut-off frequency of 2.5Hz; this cutoff frequency is about 6.5 times larger than 1/𝑇𝑖𝑠𝑜 (=0.39Hz). The low-pass filter
introduces a delay of about 0.25s. If the delay is large, it can diminish the performance of
the proposed TSA controller since the controller needs to be implemented in real-time.
However, the time delay is much smaller than 𝑇𝑖𝑠𝑜 so that the delay would not significantly
impact on the overall performance of the proposed control method. The filtered 𝑎𝑏𝑎𝑠𝑒 is
plotted in Figure 5.5 along with the original unfiltered 𝑎𝑏𝑎𝑠𝑒 . The proposed TSA control
law detects 𝑇𝑐 with the filtered 𝑎𝑏𝑎𝑠𝑒 , where the first activation of the MR damper occurs
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at near 3s, as shown in Figure 5.5. Thereafter, the MR damper remains activated during the
strong motion part of the selected long-period earthquake ground motion, making the
building work like the passive-on isolation system overall. After the strong motion part,
the MR damper is deactivated at around 13.5s, but it is activated again at 16.5s.
Figure 5.6 compares the hysteresis loops of the base isolator and the MR damper
for each control case. Larger MR damper force and the increased equivalent damping ratio
of the passive-on isolation system effectively reduced the base isolator displacement.
Similar to the observation in Figure 5.4, the hysteresis loops from the proposed system are
almost the same as those from the passive-on isolation system, making the proposed TSA
control law effective under long-period ground motions
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(a)

(b)

(c)

(d)

(e)

Figure 5.4 Responses of the isolated building under the 1979 Imperial Valley earthquake
(long-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd story drift,
(d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure 5.5 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1979 Imperial Valley earthquake

Figure 5.6 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1979 Imperial Valley earthquake
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5.5.2 Response under a Short-Period Ground Motion
Figure 5.7 shows the responses of the base isolated building under the 1989 Loma
Prieta earthquake which was classified as a short-period earthquake ground motion. The
base isolator displacements observed in the passive-off isolation system are larger than
those observed in the passive-on isolation system. The increase of the isolator displacement
associated with the use of low damping may not be an issue in this case as long as the
isolated building was designed to accommodate the large isolator displacement under longperiod excitations. The direction of motion frequently changes under short-period
excitations; thus, the amplitudes of the base isolator displacement would be generally small
compared to that under long-period excitations. However, the use of high damping will
make the system stiffer, transmitting more force to the superstructure under short-period
excitations than the case with low damping. For this reason, larger structural responses in
the 3rd story drift, 3rd floor absolute velocity, and 3rd floor absolute acceleration are
observed in Figure 5.7 when the passive-on isolation system is used, which is quite contrary
to the structural responses under the long-period ground motion in Figure 5.4. It is observed
that the use of high damping is disadvantageous under short-period earthquake ground
motions since it increases structural responses.
While the proposed method worked like a passive-on isolation system under the
long-period earthquake ground motion in the previous section, it worked like a passive-off
isolation system during the strong motion part of the 1989 Loma Prieta earthquake, as can
be observed in Figure 5.7. This can be checked as well in Figure 5.8, where the details how
the MR damper was controlled under this selected earthquake ground motion are provided.
The MR damper was not activated during the strong motion part because of the high-
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frequency contents in 𝑎𝑏𝑎𝑠𝑒 , resulting in the reduced structural responses. However, longperiod contents in 𝑎𝑏𝑎𝑠𝑒 were detected after the strong motion part, and the MR damper
was activated at 19.8s and remained activated thereafter.
As can be observed in Figure 5.9, the hysteresis loop of the base isolator of the
proposed method is very similar to that of the passive-off isolation system. The hysteresis
loop of the MR damper of the proposed method also shows a very similar loop to that of
the passive-off isolation system, but some part of the loop has a larger damper force due to
the activation of the MR damper after the strong motion part.
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(a)

(b)

(c)

(d)

(e)

Figure 5.7 Responses of the isolated building under the 1989 Loma Prieta earthquake
(short-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd story drift
(d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure 5.8 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1989 Loma Prieta Capitola earthquake

Figure 5.9 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1989 Loma Prieta Capitola earthquake
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5.6 Statistical Analysis and Comparison of Responses
The time history analysis results of the base isolation systems under other
earthquake ground motions in Tables 5.4 and 5.5 are provided in Appendix A. The average
values for the maximum structural responses of the isolated building under the long-period
and short-period earthquake ground motions in Tables 5.4 and 5.5 are compared in Figure
5.10. It can be clearly observed that the use of high damping is very effective to reduce the
isolator displacement under the long-period earthquake ground motions. The maximum
isolator displacement of the passive-on isolation system is 0.205m, while that of the
passive-off isolation system is 0.417m; there is about 51% reduction in the isolator
displacement, which can significantly reduce the pounding risk of the base-isolated
building associated with large isolator displacements. High damping is also effective in
reducing the floor velocity under long-period earthquake ground motions. The maximum
3rd floor velocity was reduced from 1.343 m/s to 1.038 m/s when the damper was fully
activated compared to the case of the passive-off isolation system. The floor velocity is
related to the kinetic energy of the unfixed objects on the floor, which can cause a large
impact force when a collision occurs among objects. Thus, high damping can reduce this
kind of risk in buildings such as hospitals that have various unfixed medical utilities and
objects. The story drift and acceleration responses were slightly increased with the passiveoff isolation system, but no significant difference is observed between the passive-on and
passive-off isolation systems under the long-period ground motions. Overall, it is observed
that the results from the proposed isolation system are very similar to those from the
passive-on isolation system under the long-period ground motions.
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Under the short-period earthquake ground motions, high damping is also effective
in reducing the isolator displacement. However, it should be noted that the isolator
displacements under short-period ground motions are much smaller than those under longperiod ground motions. Therefore, in general, the increased isolator displacement using
low damping (i.e., the passive-off isolation system) would not be an issue as long as the
isolator is designed to accommodate the large displacement under strong long-period
ground motions. It is observed that low damping is effective to reduce the story drift, floor
velocity, and floor acceleration under the short-period ground motions, which is consistent
with the observation from the transmissibility theory in Figure 3.1. The 3rd story drift and
3rd floor velocity were reduced by about 30% and 22%, respectively, by using the passiveoff system. The amplitudes of the floor velocity under the short-period ground motions are
much smaller than those under the long-period ground motions. In terms of the acceleration
response, the passive-off isolation system reduced the maximum acceleration by about
33% compared with the passive-on isolation system (i.e., from 0.37g to 0.25g). Overall, it
is observed that the use of low damping is advantageous under the short-period ground
motions, and the proposed control law made the isolation system similar to the passive-off
isolation system under the short-period ground motions.
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Proposed
Passive-on
Passive-off

(a)

(b)

Figure 5.10 Average of maximum structural responses of base-isolated three-story
building. (a) under long-period ground motions, (b) under short-period ground motions

Acceleration response is closely related to the damage of nonstructural
components, particularly for fixed nonstructural components. The maximum value of the
acceleration response is also important, but the floor spectral acceleration is more useful to
understand the impact of damping on the response of nonstructural components. Figure
5.11 compares the average spectral accelerations of the three different control methods at
the 3rd floor under the long-period and short-period ground motions. Basically, high
damping is effective to reduce the spectral acceleration around the fundamental periods of
the isolated buildings. On the other hand, the use of low damping is observed to be
beneficial to reduce the spectral acceleration at short periods less than 1s under both shortand long-period earthquake ground motions. It should be noted that the response of
nonstructural components is sensitive to the spectral acceleration at short-periods since the
natural periods of nonstructural components are generally short. It can be observed that the
short-period spectral accelerations under the short-period ground motions are larger than
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those under the long-period ground motions, implying that nonstructural components will
be subjected to a more critical condition under strong short-period ground motions. In
particular, the short-period spectral accelerations were more amplified under the shortperiod ground motions with the use of high damping. Therefore, low damping needs to be
used for a base isolated structure under short-period earthquake ground motions to
effectively reduce nonstructural component damage.

(a)

(b)

Figure 5.11 Comparison of average spectral acceleration at the 3rd floor of building: (a)
under long-period ground motions, (b) under short-period ground motions

From Figures 5.10 and 5.11, it can be clearly observed that the base isolation system
with the proposed TSA control law performs very similar to the passive-on isolation system
under long-period earthquake ground motions, while working like the passive-off isolation
system under short-period earthquake ground motions. The proposed system can take
advantage of both passive-on and passive-off systems in mitigating the seismic hazard of
structures, which can assure better the high-performance resiliency under various
earthquake ground motions with a wide range of frequency contents.
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5.7 Summary
In this chapter, a base-isolated three-story building with MR dampers was designed
by implementing the simplified design procedure developed in Chapter 4. Basically, the
isolated building was designed to be a passive isolation system with its maximum damping
to minimize the isolator displacement and the structural response under strong long-period
ground motions. Then, the MR damper is deactivated whenever there is a short-period
content satisfying the deactivation condition to minimize the damage of structural and
nonstructural components. The performance of the proposed TSA control law was
validated by conducting nonlinear time history analyses (NTHA) with selected long- and
short-period earthquake ground motions. A base isolator based on the Bouc-Wen hysteresis
model and the MNS MR damper model was used in the numerical simulations. Parameters
for these models were determined based on the simplified design procedure, where the
base-isolated building can have the maximum equivalent damping ratio of 𝜁𝑒𝑞 =40% and
the minimum equivalent damping ratio of 𝜁𝑒𝑞 =10% by controlling the input current to the
MR damper. The numerical simulations clearly showed that high damping is effective to
reduce the isolator displacement and structural responses under long-period earthquake
ground motions, while the protection of nonstructural components can be effectively
achieved by using low damping, especially under strong short-period earthquake ground
motions. This means that it is difficult to satisfy high-level seismic performance objectives
for a given building by simply using passive isolation systems. Unlike these passive
isolation systems, it was demonstrated that the proposed isolation system can resolve this
issue; the proposed TSA control law makes the building work like a passive-on or passiveoff isolation system as necessary to achieve high-performance level under both long-and
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short-period earthquake ground motions, which can significantly improve the resiliency
and sustainability of buildings.
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CHAPTER 6
REAL-TIME HYBRID SIMULATION OF THE ADAPTIVE TSA BASE
ISOLATION SYSTEM
6.1 General
In order to accurately understand the performance of seismic protection systems
under earthquake loading, experimental studies should be conducted. Effective force
testing (EFT) and shake table testing are the two dynamic testing methods that can consider
the rate-dependency of test structures, but they require the entire structural system to be
constructed in the laboratory. In comparison to the EFT and shake table testing, real-time
hybrid simulations (RTHSs) are much more efficient. RTHS does not need the construction
of the whole structure in the lab. It just requires the structural component of interest
(experimental substructure), and the remaining parts of the structure are modeled
numerically (analytical substructure), which makes this type of testing economic.
Additionally, various earthquake ground motions can be applied to the structure of interest
through RTHS tests, as long as the test structure does not have a failure, easily enabling
the statistical analysis of the results. Due to these advantages, RTHS has been implemented
by numerous researchers in recent years [2, 95, 116-123].
Due to the complex nonlinear behavior of the combined system of base isolators
and MR dampers integrated with the proposed TSA controller, experimental studies should
be conducted to more accurately assess the performance of the proposed isolation system
under earthquake ground motions. In this chapter, RTHSs are performed on a small-scale
base-isolated building with a rubber isolator and a small-capacity MR damper to
experimentally evaluate the performance of the TSA controller. As explained in Chapter
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3, the TSA controller makes a decision based on the acceleration response at the base of
the structure to increase the damping under long-period earthquakes, while keeping the
damping minimum under short-period excitations. In RTHSs of this chapter, the structure
above the isolation system is modeled numerically (numerical substructure) and designed
to accommodate the restrictions existing in the experimental substructure (base-isolation
system). The simplified design procedure introduced in Chapter 4 is used for the design of
the small-scale three-story base-isolated building with MR dampers. The base-isolation
system consists of a small-scale rubber bearing combined with linear bearings and an MR
damper.
Characterization tests are conducted on both the MR damper and the rubber bearing
combined with the linear bearings. These tests are for accurately identifying the parameters
of the numerical models for the MR damper, rubber bearing combined with the linear
bearings. The RTHS results are compared with the numerical simulation results. Statistical
results under various earthquake ground motions are also provided to better assess the
performance of the proposed system.
6.2 Structural System
The structural system considered in this chapter is a three-story base-isolated
building which is schematically shown in Figure 6.1. The base isolation system consists of
base isolators, linear bearings, and MR dampers. The combination of the rubber bearing
and the linear bearings provides similar performance to a base isolation system with
crossed linear bearing (CLB) [124]. The structural system above the isolation layer is
assumed to behave like a typical shear building.
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Figure 6.1 Schematic of the structural system

6.3 Experimental test setup
As shown in Figure 6.2, the experimental substructure consists of one small-scale
rubber bearing base isolator, three linear bearings, one MR damper (connected to a current
driver), the servo-hydraulic actuator with the load cell, the reaction frame, and the tie-side
steel box. The rubber bearing is manufactured by Dynamic Isolation Systems Incorporation
and consisted of a 6-inch diameter rubber with a height of 6.5 inches attached to two 9 by
9 inches square base plates. Each base plate has a thickness of 0.75 inches and provides
with four bolt holes of 0.75-inch diameter at the corners for connection purpose. The rubber
bearing is connected to the three unidirectional linear bearings with a length of 17.875
inches at the top and is fixed at the bottom to the base of the tie-side steel box. This setup
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provides a unidirectional motion of the rubber bearing along the longitudinal axis of the
actuator. One end of a small force capacity MR damper is directly attached to the rubber
bearing, and the other end is attached to the reaction frame. The MR damper is
manufactured by the Lord Corporation (RD-8041-1) with a maximum stroke of 74mm. The
damping force of the MR damper is dependent on the damper’s piston velocity. At the
velocity of 50mm/s with a current input of 1 A, the small-scale MR damper can provide at
least 2.447kN of damping force. In order to properly control the current to the MR damper,
an analog pulse-width-modulation (PWM) servo drive (AZB20A8) is used. The PWM
servo drive is mounted on an AZ drive mounting card (MC1XAZ01), both manufactured
by Advanced Motion Control. The PWM servo drive is designed to drive a direct-current
(DC) motor at a high switching frequency and can supply continuous current up to 12 A.
This current drive system can minimize the inductance in the electromagnetic coil of the
MR damper and quickly switch the command current sent by the controller. The maximum
force capacity and stroke limit of the actuator (MTS Model 244.12) are 25kN and
152.4mm, respectively. The attached load cell to the actuator is used to measure the
restoring force of the base isolation system (i.e., the total force from the MR damper, rubber
bearing, and linear bearings). An accelerometer from PCB Piezotronics (393B04 model) is
attached to the top of the rubber bearing, as shown in Figure 6.2, to measure acceleration
at the base of the isolated structure.
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Figure 6.2 Experimental substructure (base isolation system)

The reaction frame has pre-existing bolt holes to enable various test setups to be
accommodated within the frame, where the steel box was secured using these bolt holes.
Since the bolt holes were not placed to have the pistons of the actuator and MR damper on
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the zero position, the assembled setup for the base isolation system of Figure 6.2 has a
maximum stroke limit of 50mm although each component of the setup (i.e., MR damper,
rubber bearing and linear bearings) can provide a larger stroke limit individually as
explained before. The limitations in the force and velocity capacity of the servo-hydraulic
actuator system, along with the stroke limit of the setup, were considered in the design of
the superstructure above the isolation system. Thus, a small-scale three-story building was
designed to accommodate these restrictions in the experimental tests of this study.
6.4 Characterization Tests
Characterization tests were conducted for the rubber bearing combined with the
linear bearings and the MR damper in Figure 6.2. In order to characterize the rubber bearing
combined with the linear bearings, the MR damper was removed first from the entire
experimental setup. The rubber bearing combined with the linear bearings was then
subjected to a sinusoidal wave. After the characterization test, the tie-side steel box
including rubber bearing and linear bearings was removed and the MR damper was directly
connected to the actuator for performing characterization tests under various constant
current inputs. In all these tests, a quasi-static sinusoidal wave was slowly imposed with
an excitation frequency of 0.1Hz as shown in Figure 6.3. The amplitude of the sinusoidal
wave gradually increases with a slope of 1.13mm/s to reach the maximum stroke of the
experimental test setup (i.e. 25mm).
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(a)

(b)

(c)

Figure 6.3 Characterization tests: (a) input sine wave, (b) force-displacement relationship
of rubber bearing combined with linear bearings, (c) force-displacement relationship of
MR damper under maximum input current (i.e. 1.5 A)

It can be clearly observed from Figure 6.3 (b) and (c) that both the rubber bearing
combined with the linear bearings and the MR damper are highly nonlinear. Figure 6.4
shows the force-displacement response of the MR damper under sinusoidal displacement
input with various current input values.
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Figure 6.4 Force-displacement response of MR damper under sinusoidal displacement
input for various constant current inputs (frequency=0.1Hz, amplitude=25mm)

Figure 6.5 provides the response of the whole base isolation system (i.e., total
restoring force from the rubber bearing, linear bearings, and MR damper) under the same
displacement input of Figure 6.3(a). The current inputs to the MR damper are minimum
and maximum, i.e. 0 A and 1.5 A, respectively.
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(a)

(b)

Figure 6.5 Base isolation system force-displacement response under sinusoidal
displacement input (frequency=0.1Hz, amplitude=25mm): (a) 0 A to MR damper
(passive-off system), (b) 1.5 A to MR damper (passive-on system)

6.4.1 Identification of Parameters for Simplified Design Procedure
From the characterization tests, the coefficients for the Herschel-Bulkley MR
damper model and the bilinear rubber bearing model were identified, which are given in
Table 6.1. These coefficients will be used for the design of a small-scale three-story baseisolated building using the simplified design procedure.

Table 6.1 Coefficients of MR damper and Rubber bearing models
Herschel-Bulkley MR damper model
Input current
𝑓 (kN)
𝐶 (kN∙s/m)
𝑛
1.10
11.0
1.0
𝐼 = 𝐼𝑚𝑎 (passive-on)
0.04
1.0
1.0
𝐼 = 0 (passive-off)
Rubber bearing bilinear model
𝑄𝑦 (kN)
𝑘𝑦 (kN/m)
𝑦 (m)
0.15
0.00001875
118.0
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In Table 6.1, 𝑓 is the damper force at the maximum displacement of

; also 𝐶 and

𝑛 are the parameters characterizing the Hershel-Bulkley MR damper model. These
coefficients are for the maximum and minimum currents for the MR damper. 𝑄𝑦 ,

𝑦,

and

𝑘𝑦 are the initial yield force, initial yield displacement, and yield stiffness of the rubber
bearing, respectively. The frictional force of the linear bearings is measured to be 0.075kN.
6.4.2 Identification of Parameter for the MNS Model and Bouc-Wen Model
For modeling the response of the small-scale MR damper, the Maxwell nonlinear
slider (MNS) model [93, 94] is used in this chapter. The identified parameters for the MNS
model of the small-scale MR damper is provided in Table 6.2 for various constant current
inputs based on the characterization tests.

Table 6.2 Parameters for the MNS MR damper model
Positive force post-yield curve

Negative force post-yield curve

Input
current

𝑐
(kN∙s/m)

𝑘
(kN/m)

𝑓
(kN)

𝐶
(kN∙s/m)

𝑛

̇ 𝑡+
(m/s)

𝑓
(kN)

𝐶
(kN∙s/m)

𝑛

̇ 𝑡−
(m/s)

I=0.0A
I=0.3A
I=0.6A
I=0.9A
I=1.2A
I=1.5A

7,000
7,100
7,150
7,200
7,250
7,300

1945
1,950
1,960
1,950
1,980
2,000

0.04
0.3
0.8
0.9
1.0
1.1

0.95
4.5
5.0
5.5
8.0
11

0.9
0.5
0.6
0.6
0.7
0.8

6.0e-6
5.6e-3
7.6e-3
7.4e-3
7.5e-3
5.5e-3

-0.02
-0.1
-0.5
-0.6
-1.0
-1.1

-1.0
-2.6
-2.6
-2.6
-3.5
-5.0

1.0
0.3
0.3
0.3
0.5
0.6

-9.0e-6
-4.9e-3
-5.8e-3
-6.5e-3
-7.1e-3
-5.4e-3

𝑚
(kN.
𝑠 2 /m)
-0.15
-0.01
-0.09
-0.08
-0.05
-0.05

Detailed information about the MNS model parameters is provided in Chapter 2. In
order to model the electromagnetic dynamics of the MR damper, the variable current MNS
model [94] is used. Equations (5.3) to (5.5) in Chapter 5 represent the nonlinear differential
equations to be solved for finding the equivalent current to the MR damper. The constant
coefficients in equations (5.4) and (5.5) are determined from the current step up (from 0 A
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to 1.5 A) and step down (from 1.5 A to 0 A) characterization tests as 𝜂 =60, 𝜂1 =150, 𝜓 + =7
and 𝜓 − =7.
The response of the rubber bearing is modeled using the Bouc-Wen model [81].
The linear bearings also provide a frictional force which is modeled based on the
Coulomb’s friction model. Figure 6.6 shows the friction model for the linear bearings.

𝑓𝐿𝐵
𝑄
𝑏

Figure 6.6 Linear-bearing Coulomb’s friction model

The frictional force of the linear bearings is determined by the following equation as
𝑓𝐿𝐵 = 𝑄 𝑠𝑔𝑛( ̇ 𝑏 )

(6.1)

where, ̇ 𝑏 is the velocity at the base of the structure, 𝑠𝑔𝑛() is the signum function and 𝑄
is the friction force. The parameters for the Bouc-Wen model and the Columb’s frictional
element are provided in Table 6.3.
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Table 6.3 Parameters of the Bouc-Wen model and the Columb’s frictional element
𝑘𝑖
(kN/m)
8000.0

Bouc-Wen Hysteresis model
𝑘𝑦
𝑄𝑦
𝑄𝑏
𝑦
𝛾 𝛽
(kN/m)
(kN/m) (kN)
(m)
118.0
0.15 1.875e-5
0.15
5 5

A

m

Coulomb’s element
𝑄
(kN)

150

5

0.075

Detailed information for the parameters of the Bouc-Wen hysteresis model in Table
6.3 is provided in Chapter 2. The restoring force from the base isolation system is a
combination of restoring forces from the MR damper, rubber bearing and linear bearings,
which is defined as
𝐹𝑒 = 𝑓

+𝑓

𝐵

+ 𝑓𝐿𝐵

(6.2)

𝐹 𝑒 is measured by the load cell attached to the actuator (shown in Figure 6.2) during RTHS.
Figure 6.7 shows the comparison of the experimental response of the base isolation system
with the numerical simulation, where the sine wave used in the characterization tests was
applied to the combined base isolation system. It can be clearly observed that the force and
displacement time histories along with the force-displacement relationship from the
numerical simulation match well with the experimental results under the sinusoidal wave
input.
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(a)

(b)

(c)

Figure 6.7 Comparison of numerical simulation results with experimental test results of
the combined base isolation system under the sinusoidal input displacement (input
current to the MR damper = 1.5 A): (a) input sinusoidal wave, (b) force time history, (c)
force-displacement relationship

6.5 Selection of Earthquake Ground Motions
Tables 6.4 and 6.5 provide the selected earthquake ground motions for the longand short-period motions, respectively. Generally, the effective period of typical low-rise
base-isolated buildings is between 2.0s to 4.0s. It was assumed that the prototype base
isolation building has an effective period of 3.0s in this chapter, while the effective period
of the corresponding fixed based structure is 1.0s. Similar to the ground motion selection
procedure in Chapter 5, an earthquake ground motion is classified as a short-period motion
if the ratio of the spectral acceleration at the fundamental period of isolated structure to
that of the structure without base isolation is less than 0.4; otherwise, it is classified as a
long-period motion. Figure 6.8 shows the response spectra of the original earthquake
ground motions in Tables 6.4 and 6.5 without any scale factor applied.
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Table 6.4 Long-period earthquake ground motions
ID
1
2
3
4
5

Earthquake
Imperial Valley
Northridge
Chi-Chi, Taiwan
Northridge
Manjil, Iran

Year
1979
1994
1999
1994
1990

Station
El Centro Array No. 6
Sylmar Converter
CHY101
Jensen
Abbar

Magnitude
6.5
6.7
6.3
6.7
7.4

Component
230
052
E
022
Transverse

Scale Factor
0.27
0.29
0.41
0.40
0.69

Table 6.5 Short-period earthquake ground motions
ID
1
2
3
4
5

Earthquake
Loma Prieta
San Fernando
Cape Mendocino
Friuli, Italy
Northridge

Year
1989
1971
1992
1976
1994

Station
Capitola CDMG 47125
LA Hollywood Stor Lot
Rio Del Overpass
Tolmezzo
Canyon Country

Magnitude
6.93
6.61
7.01
6.50
6.69

Component
000
180
360
000
000

Scale Factor
1.0
1.0
1.0
1.0
1.0

Figure 6.8 Response spectra of the original earthquake ground motions

As explained earlier, the isolation system of this chapter has a relatively small
capacity in the maximum displacement (less than 25mm). Therefore, a base-isolated
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structure with the isolation system of Figure 6.2 would not be able to accommodate the
large isolation displacement expected at the natural period of 3.0s under the original longperiod ground motions of Table 6.4. Moreover, the large spectral accelerations of longperiod ground motions at longer periods further increase the displacement demand of the
base isolation system, which needs to be appropriately addressed in the experimental setup
with a limited displacement capacity.
In order to resolve these issues, the time axis of all earthquake ground motions was
scaled down with a scale factor of 1/3 and the effective period of the isolated building to
be used in the experimental study of this chapter is assumed to be 1.0s. Furthermore, the
accelerations of all long-period earthquake ground motions were additionally scaled down
with scale factors less than 1.0, as provided in Table 6.5. These will enable the experimental
investigation of the performance of the proposed base isolation system under both longand short-period ground motions within the given displacement capacity of the isolation
system. The accelerations of the short-period earthquake ground motions were not scaled
as shown in Table 6.5 since their spectral accelerations around the fundamental period of
the base-isolated structure are generally small, resulting in a small displacement demand
in the isolator.
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Figure 6.9 Response spectra of scaled earthquake ground motions

Figure 6.9 shows the response spectra of scaled earthquake ground motions of
Tables 6.4 and 6.5 with a 5% damping ratio. It can be verified that long-period earthquake
ground motions have much larger averaged spectral accelerations around the effective
period (i.e., 1.0s) of the isolation systems than short-period earthquake ground motions.
6.6 Design of a Small-Scale Three-Story Base Isolated Building
The procedure for designing a small-scale three-story base-isolated building with
the MR damper is described in this section. The simplified design procedure introduced in
Chapter 4 is implemented, and the maximum isolator displacement

and the maximum

base shear 𝑉𝑚𝑎 of the isolation system are determined to satisfy the given restrictions of
the test setup (e.g., the stroke limit of the test setup and the maximum force capacities of
the actuator, rubber bearing and MR damper). The effective stiffness of the base isolation
system is determined from the characterization tests. Based on the command signal from
the TSA controller, the current input to the MR damper is switched between the maximum

96
and minimum values. Given the effective stiffness of the passive-on base isolation system
(𝑘𝑒

𝐵𝐼

) and the total mass of the isolated building as 𝑚𝑡 , the effective period of the

isolation system (𝑇𝑒 ) is determined based on the formulation provided by the simplified
design procedure as:
𝑇𝑒

= 2𝜋√𝑚𝑡 /(𝑘𝑒

𝐵𝐼

)

(6.3)

From the characterization tests, the effective stiffness of the passive-on isolation
system was identified to be 𝑘𝑒

𝐵𝐼

=160 kN/m. Considering the limitation of the

displacement capacity of the base isolator test setup, the effective period of the isolated
building of this study is assumed to be 1.0s. This results in the total mass 𝑚𝑡 being 4
kN.s2/m. It was assumed that each floor has the same mass; thus, 𝑚𝑏 = 𝑚1 = 𝑚2 = 𝑚3 =
1 kN.s2/m. The story stiffness was determined to have the fundamental natural period of
the passive-off system to be close to 1.0s, resulting in 𝑘1 = ,0 7 kN/m, 𝑘2 =2,336 kN/m
and 𝑘3 =1,635 kN/m. Table 6.6 shows the natural periods of the three different structural
systems using the structural properties above.

Table 6.6 Natural periods of the small-scale structure
Period 𝑇𝑛 (s)
Mode
No isolation
Isolated structure
Isolated structure
(fixed-base) (passive-off mode) (passive-on mode)
1
0.28
1.07
0.92
2
0.11
0.17
0.17
3
0.07
0.09
0.09

The effect of isolation in increasing the natural period of the structure can be clearly
observed based on the values provided in Table 6.6 (i.e. from 0.28s for the fixed-base
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structure to 0.92s for the isolated structure in passive-on mode). The natural period of the
small-scale structure in passive-on mode is less than that of the passive-off mode, which is
due to the increased stiffness of the base isolation system with passive-on mode.
The maximum displacement

of the isolation system was checked for each long-

period earthquake ground motion in Table 6.4, and it was found that the maximum
,𝑚𝑎

is

= 23.7mm under the 1979 Imperial Valley earthquake ground motion, which is less

than the maximum displacement capacity of the isolation system (i.e., 25mm). The
maximum base shear 𝑉𝑚𝑎 was found to be 3.203 kN, which is less than the maximum
actuator capacity of 25kN. The equivalent damping ratios of the passive-on system with
the averaged response spectra of the long-period and short-period ground motions are
57.31% and 55.78%, respectively. The equivalent damping ratios of the passive-off system
with the averaged response spectra of the long-period and short-period ground motions are
7.93% and 11.78%, respectively.
6.7 Real-Time Hybrid Simulations for the Proposed Base Isolation System
RTHS consists of experimental and numerical substructures, the integration
algorithm, the servo-hydraulic actuator system, and the associated controllers. A stable and
accurate integration algorithm is necessary for calculating the displacement response
during RTHS. The calculated displacement response of the integration algorithm is called
the target displacement. The servo-hydraulic actuator system should be accurately and
reliably controlled to correctly impose the target displacement on the experimental
substructure. In order to secure the stability of the system in real-time, communication
among the numerical substructure, integration algorithm and servo-hydraulic actuator
system must be implemented with minimum delay [125]. In order to minimize time delays
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and amplitude differences between the target and measured displacements of the
experimental substructure, actuator delay compensators need to be implemented, where the
output displacement of the compensator, i.e., the compensated displacement, is directly
applied to the experimental substructure.
6.7.1 Governing Equations of Motion
In the small-scale three-story base-isolated structure of this chapter, the base
isolation system is considered as the experimental substructure and the structure above the
isolation system is modeled numerically and considered as the numerical substructure. In
this section, the governing differential equations of the system and the procedure for
solving this equation in real-time is explained. The discretized equations of motion of the
base-isolated three-story building with MR damper shown in Figure 6.1 at the 𝑖 + 1th time
step are given as
𝑒
𝑴𝒙̈ 𝑖+1 + 𝑪𝒙̇ 𝑖+1 + 𝑲𝒙𝒊+𝟏 = 𝝀𝐹𝒊+𝟏
− 𝑴𝞟 ̈𝑔𝑖+1

(6.4)

𝐱𝒊+𝟏 is the displacement vector; 𝐱̇ 𝑖+1 and 𝐱̈ 𝑖+1 are the velocity and acceleration vectors of
the structure, respectively; 𝐊 and 𝐂 are the stiffness and damping matrices of the structure,
respectively; where the stiffness and damping contribution of the base isolation system
(i.e., experimental substructure) is excluded and set to be zero; 𝐌 is the diagonal mass
matrix of structure; 𝛌 = [−1 0 0 0]𝑇 , 𝚷 is a unit vector of all rows equals to 1, ̈𝑔𝑖+1 is the
𝑒
earthquake ground acceleration; 𝐹𝑖+1
is the experimental substructure restoring force

measured by the load cell which represents the summation of restoring forces from the MR
damper, rubber bearing and linear bearings. In order to solve equation (6.4) in real-time,
the CR integration algorithm [115] was used. MATLAB Simulink module is used to model
the numerical substructure, TSA controller and integration algorithm [114]. The block
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diagram for the RTHS of the semi-actively controlled base-isolated structure with MR
damper is shown in Figure 6.10.

Ground Motion

Experimental
Substructure
(Base Isolation
System)

Input
Current
Base Isolation System
Displacement

𝑒

Load
Cell
Accelerometer
Data

Numerical
Substructure
Time Integration

+

Butterworth
Low-pass
filter

Filtered Base
Acceleration

MR damper
Current Driver

Command
Current

Servo-hydraulic
Actuator

ATS Delay Compensator
Algorithm

Structural
Response

TSA
control
Algorithm

Actuator Command
Displacement

Figure 6.10 Block diagram for RTHS of the semi-actively controlled base-isolated
structure with MR damper

It should be noted that since the restoring force from the experimental substructure
is added to the right side of Equation (6.4), its contribution should be excluded from the
numerical part to prevent the double consideration. This is the reason why the stiffness and
damping contribution of the experimental substructure is set to be zero into the stiffness
matrix 𝐊 and damping matrix C in the numerical substructure.
As explained previously, the acceleration at the base of the structure is measured
by the accelerometer attached to the experimental substructure. Since the TSA controller
utilizes the absolute acceleration, the ground acceleration is added to the measured
acceleration by the accelerometer. This procedure is clearly shown in the block diagram of
Figure 6.10. Then, a Butterworth low-pass filter is applied to the combined acceleration
data to remove the noise and high-frequency oscillations. The TSA controller makes a
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decision based on the filtered acceleration data and sends the command to the current
driver. The input current to the MR damper will be received from the current driver.
Due to the inherent nonlinearities of the servo-hydraulic actuator system and the
nonlinear response of the experimental substructure, time delays and amplitude changes in
the actuator is inevitable during real-time testing [126-128]. In this dissertation, the
Adaptive Time Series (ATS) compensator developed by Chae et al. [129] is used to
compensate for the actuator control error. In addition, instability or very poor control of
the system can occur in RTHS if the stiffness of the whole structure (i.e., numerical and
experimental substructures) was not considered in the integration algorithm parameters. It
was shown in previous research conducted by Chen and Ricles, and Chae et al. [2, 115]
that the solution will remain stable as long as the total damping and stiffness in the
integration parameters are larger than those developed in the system during RTHS. Thus,
the initial stiffness of experimental substructure (10,000 kN/m calculated based on the
characterization tests) was added to the stiffness matrix of the whole structure at the base
level in the parameter calculation of CR integration algorithm. In terms of damping, it was
observed that the stability of the system was not very sensitive to the values of equivalent
damping.
6.7.2 Real-Time Control System Architecture
The real-time control system of the servo-hydraulic actuators in the Structural
Laboratory at Old Dominion University is used for implementing the TSA control
algorithm proposed in this dissertation. The architecture of this system is shown in Figure
6.11. In order to run the system in real-time, the model and the TSA control algorithm
simulated in the simulation PC of Figure 6.10 will be compiled into the xPC and the
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command signals to the servo-hydraulic actuators will be sent through a Shared Common
Random Access Memory Network (SCRAMNet). Since the servo-hydraulic actuators are
controllable directly by the MTS FlexTest 40 controller, SCRAMNet, which works as a
real-time data communication bus, makes it possible to impose the target displacement to
a test structure via MTS FlexTest using the actuators. Moreover, receiving the feedback
data (i.e. displacement and force) from the actuator through the MTS FlexTest controller
and sharing them to the xPC becomes possible through the SCRAMNet. The response of
the experimental substructure can be collected via the data acquisition system through the
Input/Output board from Speedgoat (IO-102), as well. For this purpose (measuring the
response of test structure), different voltage-based sensors (e.g., accelerometer,
displacement transducer, and load cell) attached to the test structure can be plugged into
the data acquisition system through its 32 analog input channels with 16-bit data module.
The data acquisition board also consists of 8 digital inputs, 8 digital outputs, and 4 analog
outputs. Measured data from the test structure or command signals to the board will also
be directly transferred to the xPC. The entire real-time control system mentioned herein
works with a data sampling rate of 1024Hz.
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Simulation PC
with MATLAB Simulink
and Real-Time Workshop

Data Acquisition
System
(IO 102 board)

SCRAM Net

Speedgoat
xPC

MTS
Flex Test 40

Servo-hydraulic
actuators

Test
Structure

Figure 6.11 Architecture of the real-time control system in the structures laboratory of
Old Dominion University

6.7.3 Actuator Delay Compensation
The MTS FlexTest 40 used for the actuator control has a proportional-integralderivative (PID) controller. In addition to this PID controller, the ATS compensator is
implemented in the real-time hybrid simulations of this study to minimize the effect of
actuator delay and possible amplitude changes as described previously. Although the baseisolation substructure of this study is much more flexible than the rigid system tested by
Chae et al. [130] in a real-time manner using the same servo-hydraulic actuator system, the
high-frequency oscillation at the oil-column resonance frequency of the system is still
observed at the beginning of some tests in the passive-on mode. In order to resolve this
issue and to have a good control of the system during the test, the P- and I-gains were set
to be 12.0 and 1.0, respectively, and the D-gain set to be zero in the PID controller. In the
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ATS compensator, the compensated command displacement to the actuator (

𝑐

) is obtained

as:
𝑐

where

𝑡

=𝑎

𝑡

+ 𝑎1 ̇ 𝑡 + 𝑎2 ̈ 𝑡

(6.5)

, ̇ 𝑡 , and ̈ 𝑡 are the target displacement, velocity, and acceleration, respectively.

𝑎 , 𝑎1 , and 𝑎2 are the system coefficients which are updated during RTHS in order to
minimize the error between the measured and target displacements. The coefficients for
the ATS compensator are provided in Table 6.7.

Table 6.7 Initial system coefficients and their ranges for ATS compensator
Coefficient
𝑎
𝑎1
𝑎2

Initial Values
1.0
0.022
0.0008

Range (minimum, maximum)
(0.50, 2.0)
(0.0, 0.10)
(0.0, 0.01)

Maximum rate of change
2/𝑠
0.05 𝑠/𝑠
0.001 𝑠 2 /𝑠

6.8 RTHS Results under Long- and Short-Period Earthquake Ground Motions
The time history responses of the base-isolated structure under the 1979 Imperial
Valley earthquake (long-period) and the 1976 Friuli, Italy earthquake (short-period) are
shown in Figures 6.12 and 6.13, respectively, for the proposed (i.e., base isolation system
controlled with the TSA controller), passive-on and passive-off base isolation systems. It
is desirable to have high and low damping under long- and short-period earthquake ground
motions, respectively. High damping is effective in reducing structural responses,
especially the isolator displacement under long-period motions; however, it will increase
the story drift and acceleration demand under short-period ground motions [9]. It can be
clearly observed from Figures 6.12 and 6.13 that the proposed control system works similar
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to the passive-on isolation system taking the advantage of using high damping under longperiod ground motions, while working similar to the passive-off system with low damping
under short-period ground motions.

105

(a)

(b)

(c)

(d)

(e)

Figure 6.12 Time history responses under the 1979 Imperial Valley earthquake (longperiod) for the isolated building: (a) ground acceleration, (b) base isolator displacement,
(c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration

106

(a)

(b)

(c)

(d)

(e)

Figure 6.13 Time history responses under the 1976 Friuli, Italy earthquake (short-period)
for the isolated building: (a) ground acceleration, (b) base isolator displacement, (c) 3rd
story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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The base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) of the structure under the 1979 Imperial Valley
earthquake (long-period) and the 1976 Friuli, Italy earthquake (short-period) is shown in
Figures 6.14 and 6.15, respectively. It should be noted that 𝑎𝑏𝑎𝑠𝑒 is the absolute
acceleration at the base of the building. Based on the fundamental period of the passive-on
isolation system (i.e., 𝑇𝑖𝑠𝑜 =0.92s), 𝑇𝑐𝑟 is determined to be 𝑇𝑐𝑟 = 𝑇𝑖𝑠𝑜 /√2 =0.65s.

𝐺𝑇

is

considered to be the same as 𝑇𝑖𝑠𝑜 , and 𝛼1 and 𝛼2 are set to be 0.78 and 0.2, respectively.
As previously described, in order to minimize the effect of noise and high-frequency
oscillations, a low-pass filter is applied to 𝑎𝑏𝑎𝑠𝑒 to improve the performance of the TSA
controller. A 6th order Butterworth filter with a cut-off frequency of 10Hz was applied to
𝑎𝑏𝑎𝑠𝑒 , which is about than 10 times larger than 1/𝑇𝑖𝑠𝑜 (=1.087Hz). A delay of about 0.062s
will be introduced to the acceleration using the low-pass filter, which is much smaller than
𝑇𝑖𝑠𝑜 and will not have a significant effect on the overall performance of the controller. The
unfiltered and filtered 𝑎𝑏𝑎𝑠𝑒 data are plotted in both Figures 6.14 and 6.15. The proposed
TSA controller makes a decision on sending the activation signal to the MR damper based
on the detection of 𝑇𝑐 from the filtered 𝑎𝑏𝑎𝑠𝑒 , where the first activation occurs at near 1.0s
under the 1979 Imperial Valley earthquake (Figure 6.14) and the damper remains on
throughout the rest of motion. Under the 1976 Friuli earthquake, the damper remains off
during the strong motion part at the beginning of the ground motion as shown in Figure
6.15 and is activated at the far end (near 11.2s) which is useful for reducing the free
vibration response of the structure. Overall, it was observed that the proposed control
system works like a passive-on isolation system under long-period ground motions, while
it performs similar to the passive-off system under short-period earthquakes.
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Figure 6.14 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1979 Imperial Valley
earthquake for the isolated building with the proposed controller

Figure 6.15 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1976 Friuli, Italy
earthquake for the isolated building with the proposed controller

The hysteresis loops of the isolation system, i.e. the combined rubber bearing, MR
damper, and linear bearings, are compared for all three control cases in Figure 6.16 under
the 1979 Imperial Valley earthquake (long-period) and the 1976 Friuli, Italy earthquake
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(short-period). It can be observed that the hysteresis loop of the proposed isolation system
is very similar to that of the passive-on system and passive-off system under the long- and
short-period earthquakes, respectively.

(a)

(b)

Figure 6.16 Hysteresis loops of the isolation system for three control cases: (a) under the
1979 Imperial Valley earthquake (long-period), (b) under the 1976 Friuli, Italy
earthquake (short-period)

As explained earlier, the time delay and amplitude changes between the measured
and target displacements are the main challenges in RTHS, which can impair the stability
of the system. In order to evaluate the accuracy of the RTHSs, the time histories of the
measured and target displacements along with the synchronization subspace plot [131] are
plotted in Figure 6.17 under the 1976 Friuli earthquake. It can be clearly observed from
Figure 6.17(a) that the measured displacement controlled by the ATS compensator has a
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good agreement with the target displacement. In addition, the small amount of the
Normalized Root Mean Square (NRMS) error provided at the top-left corner of Figure
6.17(b) shows a good actuator displacement control during the real-time tests. The NRMS
error (𝐸

) is determined as:
√∑𝑖 (
𝐸

𝑡
𝑖

−

=

(6.6)
√∑𝑖 (

where

𝑡
𝑖

and

𝑚
𝑖

𝑚 2
𝑖 )

𝑡 2
𝑖)

are the target and measured displacements, respectively. 𝑁 is the number

of data samples of displacement in the RTHS. If 𝐸

=0, the target displacement and

measured displacement at each time step would be the same and the synchronization
subspace plot would be a perfectly diagonal straight line.

NRMS error = 0.0172

(a)

(b)

Figure 6.17 Displacement control performance of the ATS compensator during RTHS
under the 1976 Friuli earthquake: (a) overall displacement tracking, (b) synchronization
subspace plot

The time-history responses of the base-isolated structure under the other earthquake
ground motions of Tables 6.4 and 6.5 are provided in Section A of Appendix B.
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6.9 Comparison of RTHS Results with Numerical Simulation Results
The comparison of the RTHS results and numerical simulation results are presented
in this section, where the experimental substructure is replaced by its numerical models
(i.e., the MNS, Bouc-Wen and Colomb’s friction models for the MR damper, rubber
bearing and linear bearings, respectively). Figures 6.18 compares the numerical simulation
results with the RTHS results of the structure under the 1994 Northridge Sylmar longperiod earthquake for the proposed system in the semi-active mode. The comparison of the
RTHS and numerical simulation results for other earthquake ground motions are provided
in section B of Appendix B.
Good agreement between the RTHS and numerical results was observed under most
of the earthquake ground motions; however, the difference between the results arises once
the superstructure is subjected to earthquakes with higher frequency contents (i.e., shortperiod motions). This can be seen in Figures AB.40 to AB.42 where the response of the
structure under short-period motions is provided. As explained earlier, the direction of
motion under short-period ground motions changes more frequently with a higher rate than
under long-period ground motions. In addition to the inherent high frequencies of shortperiod excitations, the frequency contents of the motion are tripled herein due to the time
scaling of the earthquake ground motions (i.e., scale factor = 1/3). However, the calibration
of the numerical model parameters was conducted with a low frequency, making it harder
for the numerical model to accurately estimate the actual behavior of the experimental base
isolation system. Furthermore, the tiny gaps in the connection of the MR damper at both
ends to the base isolator and the reaction frame provide an additional nonlinearity, which
can provide additional noise-like accelerations to 𝑎𝑏𝑎𝑠𝑒 , making the command signal of the
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TSA controller different from that in the numerical simulation. This is the reason why the
hysteresis loops of Figures AB.40 to AB.42 have differences between the numerical and
RTHS results.
Although there are some differences between the numerical and experimental
results, overall, the numerical simulation can predict the response of the base isolation
system. It is quite a challenging task to accurately predict the highly nonlinear response of
the base isolation system; this is why we need to conduct experimental tests to better
understand the actual behavior of structures under dynamic loads [132].

(a)

(b)

(c)

Figure 6.18 Comparison of the RTHS and numerical simulation results of the proposed
system under the 1994 Northridge Sylmar long-period earthquake: (a) displacement
response, (b) force response, (c) force-displacement relationship

6.10 Comparison of Statistical Responses
As stated previously, RTHS can provide statistical results as long as the test
specimen does not have any significant failure under various repeated earthquake loadings.
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Figure 6.19 shows the averaged values for the maximum structural responses of the isolated
building with three different control cases under the short-period and scaled-down longperiod earthquake ground motions of Tables 6.4 and 6.5. In Figure 6.19(a), the ideal effect
of using high damping in reducing the base isolator displacement (from 24.58mm for the
passive-off system to 7.26mm for passive-on) and third-floor velocity (from 161.2 mm/s
for the passive-off system to 112.7 mm/s for passive-on system) can be clearly observed
under long-period earthquake ground motions. The story drift of the passive-on system is
slightly higher than the passive-off system due to the increase in the stiffness of the system
with high damping. Also, no significant difference in the acceleration responses of the
passive-on and passive-off systems is observed.

(a)
Proposed
Passive-on
Passive-off

(b)

Figure 6.19 Average of maximum structural responses of base-isolated three-story
building: (a) under long-period ground motions, (b) under short-period ground motions
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It can be clearly observed that high damping is beneficial in reducing the isolator
displacement under long-period earthquake ground motion, as shown in Figure 6.19(a).
Low damping is observed to be effective in reducing the story drift (reduced by about 73%)
and floor acceleration (reduced by about 12% from 0.49g to 0.43g) under short-period
ground motions. These results are similar to the observation by Providakis [9], where he
evaluated the effect of supplemental damping on isolation systems subjected to far-fault
(short-period) ground motions through numerical analysis, and concluded that additional
damping increases the inter-story drifts and absolute floor accelerations under short-period
earthquakes, while being effective on long-period earthquakes.
It can be observed from Figure 6.19 that the performance of the proposed TSA
control law in the base isolation system is very similar to the passive-on isolation system
under long-period earthquake ground motions and the passive-off system under shortperiod earthquake ground motions, which can increase the structural resiliency.
6.11 Summary
In this chapter, the performance of the proposed TSA control algorithm introduced
in Chapter 3 was evaluated by conducting RTHSs. The base isolation system consisting of
a small-scale rubber bearing combined with three linear bearings and a small-scale MR
damper was used for the experimental substructure in the RTHS of this chapter. The
superstructure above the isolation system was modelled numerically, consisting of the
numerical substructure. A small-scale base-isolated structure was designed by
implementing the simplified design procedure developed in Chapter 4. Characterization
tests were conducted to identify the physical characteristics of the rubber bearing combined
with the linear bearings and the MR damper. With the characterization tests, the parameters
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for the MNS model, Bouc-Wen model, and Columb’s frictional model were identified to
describe the dynamic response of the MR damper, rubber bearing, and linear bearings,
respectively. Various long- and short-period earthquake ground motions were used to
experimentally evaluate the performance of the three different base isolation systems. It
was shown that the proposed isolation system achieves the desirable performance under
long-period earthquake ground motions by increasing damping, while maintaining the
unique performance of the conventional base isolation system under short-period
earthquakes by decreasing damping.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
7.1 General
In this dissertation, a new semi-active base-isolation system was proposed to
achieve structural resiliency under both short- and long-period earthquake ground motions.
This study includes the development of an adaptive transmissibility-based semi-active
(TSA) control algorithm, development of a simplified design procedure for the design of
base-isolated structures with semi-active damping devices, the numerical assessment of the
proposed algorithms and procedures, and experimental verifications by conducting realtime hybrid simulations. A brief description of the materials provided in each chapter as
well as the corresponding conclusion is presented as follows.
7.2 Summary and Conclusions
In Chapter 2, previous research related to base isolation systems, different models
for base isolators and MR dampers, and semi-active control algorithms implemented for
base isolation system were reviewed. Detailed information for the MNS MR damper model
and the Bouc-Wen base isolator model were provided. The implementation of various
semi-active controllers for base isolation systems with MR dampers was illustrated,
including the Lyapunov stability based controllers, linear quadratic regulator/Gaussian
controllers, sliding mode control, fuzzy controllers, and neural network controllers. The
practical application of these controllers is quite limited since they often work based on the
control objectives that are not directly related to minimizing the maximum structural
response of interest. Actually, some of these controllers (e.g., the linear quadratic regulator
and sliding mode controller) work based on minimizing a quadratic cost function over the
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entire control time which does not always lead to the minimization of the maximum
structural response. In addition, the intelligent controllers (i.e. neural network and fuzzy
controllers) require a nonlinear system to be optimized based on a training set or fuzzy
logics. Due to the dependency of intelligent controllers on the selection of a pre-defined
data set, their performance might be impaired for other inputs that have different
characteristics from the pre-defined data set. Furthermore, the quantitative prediction of
expected structural responses using these controllers is also difficult due to the complexity
of the nonlinear system. To overcome these shortcomings, a new transmissibility based
semi-active (TSA) controller was introduced in Chapter 3.
Chapter 3 developed a new control law in order to improve the performance of
base-isolated structures with semi-active damping devices under earthquake ground
motions with various frequency contents. The transmissibility theory of a single-degreeof-freedom (SDOF) structure subjected to a steady-state response under harmonic loading
was considered as the basis for the TSA controller. According to the transmissibility theory,
it was shown that high damping is beneficial under long-period excitations, while low
damping is effective under short-period excitations. The TSA control law can adaptively
change the damping depending on the frequency contents in the response of the baseisolated structure by achieving maximum damping under long-period excitations and
minimum damping under short-period.
The TSA controller requires local feedback data of the structural acceleration
response which makes this system cost-effective in comparison to most of the controllers
that require full-state feedback data of the structural response. Furthermore, unlike existing
methods, the TSA control law enables the response prediction of base-isolated structures
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with semi-active damping devices without implementing any complex nonlinear time
history analysis, which can be incorporated into a practical design procedure. This
procedure was developed in Chapter 4 and named the simplified design procedure.
Based on the abilities provided by the TSA control law in Chapter 3, a simplified
design procedure for estimating the response of the base-isolated structures with MR
dampers was developed in Chapter 4. This procedure enabled the design of base-isolated
structures with MR dampers without conducting nonlinear time history analysis. The
simplified design procedure works based on the effective period and equivalent damping
ratio to find the maximum displacement and maximum base shear of the isolation system
using the design spectrum. The equations describing the energy dissipation and effective
stiffness of the base isolators and MR dampers were presented using the bilinear model
and the Herschel-Bulkley model, respectively. Actually, by determining the parameters of
these models, the response estimation of the base-isolated structure was feasible.
The performance of the TSA controller and the accuracy of the simplified design
procedure were evaluated numerically in Chapter 5 for a full-scale base-isolated three-story
building with MR dampers. Experimental evaluation of the proposed methods was
presented in Chapter 6 through conducting real-time hybrid simulations for a small-scale
base-isolated structure with MR dampers.
Chapter 5 numerically evaluated the performance of the proposed base-isolation
system. A base-isolated three-story building with MR dampers was designed by
implementing the simplified design procedure developed in Chapter 4. The performance
of the proposed TSA control law was validated by conducting nonlinear time history
analyses (NTHA) with selected long- and short-period earthquake ground motions. The
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Bouc-Wen hysteresis model for base isolators and the MNS model for MR dampers were
used in the numerical simulations. The parameters for these numerical models were
determined based on the results from the simplified design procedure to achieve the
maximum equivalent damping ratio of 𝜁𝑒𝑞 =40% and the minimum equivalent damping
ratio of 𝜁𝑒𝑞 =10% by controlling the command current to the damper. The structural
responses of the proposed system were compared with the system with maximum and
minimum equivalent damping ratios (i.e., passive-on and passive-off, respectively).
Detailed information about the performance of the controller on sending a command signal
under different earthquake ground motions was provided.
According to the numerical simulation results, it was clearly evident that the use of
high damping is effective in reducing the structural responses, especially the isolator
displacement, under long-period earthquake ground motions. However, in order to protect
nonstructural components, the implementation of low damping would be very effective
especially under short-period earthquake ground motions. Actually, this shows that
satisfying the high-level seismic performance objectives would be very difficult by just
implementing passive isolation systems. Unlike these passive isolation systems, it was
demonstrated that the proposed isolation system can resolve this issue; the proposed TSA
control law makes the building work like a passive-on or passive-off isolation system as
necessary to achieve high performance level under both long- and short-period earthquake
ground motions, which can significantly improve the resiliency and sustainability of
buildings.
In Chapter 6, a detailed description of the real-time hybrid simulation tests that were
conducted to investigate the performance of the proposed TSA controller was provided.
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The hybrid simulations was divided into experimental and numerical substructures
representing a small-scale three-story base-isolated building with MR dampers. The
experimental substructure consisted of a small-scale rubber bearing combined with three
linear bearings and a small-scale MR damper. The superstructure above the isolation
system was considered as the numerical substructure. The small-scale base-isolated
building was designed by implementing the simplified design procedure developed in
Chapter 4 to accommodate the restrictions given in the experimental substructure in terms
of the displacement amplitude and the force capacity of the servo-hydraulic actuator
system.
Characterization tests were conducted on the rubber bearing combined with the
linear bearings and the MR damper to evaluate their performance and to identify the
parameters of their numerical models, where the MNS model, Bouc-Wen model, and
Coulomb’s friction model were used for the MR damper, rubber bearing, and linear
bearings, respectively. Various long- and short-period earthquake ground motions were
applied to the experimental substructure and the statistical analysis of the maximum
structural responses was provided. The performance of the isolated building controlled
with the passive-off, passive-on, and proposed methods was experimentally investigated,
where the experimental results were compared with the numerical simulation results.
Statistical responses of all hybrid simulations were provided as well. It was clearly shown
that the proposed isolation system achieves the desirable performance under long-period
earthquake ground motions by increasing damping, while maintaining the unique
performance of the conventional base isolation system under short-period earthquake
ground motions by decreasing damping.
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7.3 Future Research
Further studies on the following topics are recommended:
In this study, the performance of the TSA controller was only experimentally
evaluated under the five long-period and another five short-period earthquake ground
motions. It is recommended to further evaluate the performance of the TSA controller
experimentally and determine how the TSA controller satisfies the given performance
objectives under various earthquake ground motions scaled to the DBE and MCE levels.
Further investigations on the parameters of the TSA controller and their effects on
the response of the semi-actively controlled base-isolated structures need to be conducted,
where various earthquake ground motions should be implemented and the effects of noise
and possible errors should be evaluated.
The simplified design procedure in this study was used to design one full-scale and
one small-scale three-story base-isolated buildings. It is recommended that various baseisolated structures with MR dampers be designed by implementing this procedure. Various
building design parameters such as building geometry, height, plan, mass distribution, etc.
need to be considered in the selection of the base isolated buildings, and the response
estimation from the simplified design procedure should be assessed both numerically and
experimentally to further improve the capability of the simplified design procedure.
The behavior of superstructures above the isolation layers was assumed to be linear
elastic in this dissertation. It is suggested to extend the performance evaluation of the
proposed TSA controller by further considering the nonlinear response of superstructures.
Due to the limitations of the laboratory and equipment, a small-scale base-isolation
system was considered in the experimental test of this dissertation. It is strongly
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recommended to implement large-scale experimental tests with full-scale base isolators
and semi-active damping devices to further investigate the performance of the proposed
base isolation system. This will ensure the practical application of the proposed base
isolation system to increase the resiliency and sustainability of civil infrastructure.
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APPENDIX A
NUMERICAL SIMULATION RESULTS UNDER VARIOUS EARTHQUAKE
GROUND MOTIONS

(a)

(b)

(c)

(d)

(e)

Figure AA.1 Responses of the isolated building under the 1994 Northridge, Sylmar
earthquake (long-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd
story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.2 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1994 Northridge Sylmar Converter (long-period)

Figure AA.3 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1994 Northridge Sylmar Converter (long-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.4 Responses of the isolated building under the 1999 Chi-Chi, Taiwan
earthquake (long-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd
story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.5 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1999 Chi-Chi, Taiwan (long-period)

Figure AA.6 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1999 Chi-Chi, Taiwan (long-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.7 Responses of the isolated building under the 1994 Northridge, Jensen
earthquake (long-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd
story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.8 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1994 Northridge, Jensen (long-period)

Figure AA.9 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1994 Northridge, Jensen (long-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.10 Responses of the isolated building under the 1990 Manjil, Iran earthquake
(long-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd story drift
(d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.11 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1990 Manjil, Iran (long-period)

Figure AA.12 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1990 Manjil, Iran (long-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.13 Responses of the isolated building under the 1994 Northridge, Canyon
County earthquake (short-period): (a) ground acceleration, (b) base isolator displacement,
(c) 3rd story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.14 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1994 Northridge, Canyon County (short-period)

Figure AA.15 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1994 Northridge, Canyon County (short-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.16 Responses of the isolated building under the 1992 Landers, Coolwater
earthquake (short-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd
story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.17 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1992 Landers, Cool-water (short-period)

Figure AA.18 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1992 Landers, Cool-water (short-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.19 Responses of the isolated building under the 1994 Northridge, Beverly
Hills earthquake (short-period): (a) ground acceleration, (b) base isolator displacement,
(c) 3rd story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AA.20 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1994 Northridge, Beverly Hills (short-period)

Figure AA.21 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1994 Northridge, Beverly Hills (short-period)
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(a)

(b)

(c)

(d)

(e)

Figure AA.22 Responses of the isolated building under the 1999 Kocaeli, Turkey
earthquake (short-period): (a) ground acceleration, (b) base isolator displacement, (c) 3rd
story drift (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration

148

Figure AA.23 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response of the isolated building with the
proposed method under the 1999 Kocaeli, Turkey (short-period)

Figure AA.24 Comparison of hysteresis loops of the base isolator and the MR damper for
each control case under the 1999 Kocaeli, Turkey (short-period)
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APPENDIX B
REAL-TIME HYBRID SIMULATION RESULTS UNDER VARIOUS
EARTHQUAKE GROUND MOTIONS
Section A:

NRMS error = 0.0097

(a)

(b)

Figure AB.1 Displacement control using the ATS compensator under the 1979 Imperial
Valley earthquake (long-period): (a) overall displacement tracking, (b) synchronization
subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.2 Time history responses under the 1994 Northridge Sylmar Convertor
earthquake (long-period) for the isolated building: (a) ground acceleration, (b) base
isolator displacement, (c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor
absolute acceleration
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Figure AB.3 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1994 Northridge Sylmar
Convertor earthquake (long-period) for the isolated building with the proposed controller

Figure AB.4 Hysteresis loops of the isolation system for three control cases under the
1994 Northridge Sylmar Convertor earthquake (long-period)
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NRMS error = 0.0155

(a)

(b)

Figure AB.5 Displacement control using the ATS compensator under the 1994
Northridge Sylmar Convertor (long-period): (a) overall displacement tracking, (b)
synchronization subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.6 Time history responses under the 1999 Chi-Chi, Taiwan earthquake (longperiod) for the isolated building: (a) ground acceleration, (b) base isolator displacement,
(c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AB.7 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1999 Chi-Chi, Taiwan
earthquake (long-period) for the isolated building with the proposed controller

Figure AB.8 Hysteresis loops of the isolation system for three control cases under the
1999 Chi-Chi, Taiwan earthquake (long-period)
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NRMS error = 0.0109

(a)

(b)

Figure AB.9 Displacement control using the ATS compensator under the 1999 Chi-Chi,
Taiwan (long-period): (a) overall displacement tracking, (b) synchronization subspace
plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.10 Time history responses under the 1994 Northridge, Jensen earthquake
(long-period) for the isolated building: (a) ground acceleration, (b) base isolator
displacement, (c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor absolute
acceleration
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Figure AB.11 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1994 Northridge, Jensen
earthquake (long-period) for the isolated building with the proposed controller

Figure AB.12 Hysteresis loops of the isolation system for three control cases under the
1994 Northridge, Jensen earthquake (long-period)
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NRMS error = 0.0146

(a)

(b)

Figure AB.13 Displacement control using the ATS compensator under the 1994
Northridge, Jensen (long-period): (a) overall displacement tracking, (b) synchronization
subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.14 Time history responses under the 1990 Manjil, Iran earthquake (longperiod) for the isolated building: (a) ground acceleration, (b) base isolator displacement,
(c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor absolute acceleration
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Figure AB.15 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1990 Manjil, Iran
earthquake (long-period) for the isolated building with the proposed controller

Figure AB.16 Hysteresis loops of the isolation system for three control cases under the
1990 Manjil, Iran earthquake (long-period)
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NRMS error = 0.0144

(a)

(b)

Figure AB.17 Displacement control using the ATS compensator under the 1990 Manjil,
Iran (long-period): (a) overall displacement tracking, (b) synchronization subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.18 Time history responses under the 1989 Loma Prieta, Capitola earthquake
(short-period) for the isolated building: (a) ground acceleration, (b) base isolator
displacement, (c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor absolute
acceleration
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Figure AB.19 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1989 Loma Prieta,
Capitola earthquake (short-period) for the isolated building with the proposed controller

Figure AB.20 Hysteresis loops of the isolation system for three control cases under the
1989 Loma Prieta, Capitola earthquake (short-period)
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NRMS error = 0.0099

(a)

(b)

Figure AB.21 Displacement control using the ATS compensator under the 1989 Loma
Prieta, Capitola earthquake (short-period): (a) overall displacement tracking, (b)
synchronization subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.22 Time history responses under the 1971 San Fernando, LA Hollywood
earthquake (short-period) for the isolated building: (a) ground acceleration, (b) base
isolator displacement, (c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor
absolute acceleration
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Figure AB.23 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1971 San Fernando, LA
Hollywood earthquake (short-period) for the isolated building with the proposed
controller

Figure AB.24 Hysteresis loops of the isolation system for three control cases under the
1971 San Fernando, LA Hollywood earthquake (short-period)
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NRMS error = 0.0128

(a)

(b)

Figure AB.25 Displacement control using the ATS compensator under the 1971 San
Fernando, LA Hollywood earthquake (short-period): (a) overall displacement tracking,
(b) synchronization subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.26 Time history responses under the 1992 Cape Mendocino, Rio Del Overpass
earthquake (short-period) for the isolated building: (a) ground acceleration, (b) base
isolator displacement, (c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor
absolute acceleration
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Figure AB.27 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1992 Cape Mendocino,
Rio Del Overpass earthquake (short-period) for the isolated building with the proposed
controller

Figure AB.28 Hysteresis loops of the isolation system for three control cases under the
1992 Cape Mendocino, Rio Del Overpass earthquake (short-period)
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NRMS error = 0.0293

(a)

(b)

Figure AB.29 Displacement control using the ATS compensator under the 1992 Cape
Mendocino, Rio Del Overpass earthquake (short-period): (a) overall displacement
tracking, (b) synchronization subspace plot
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(a)

(b)

(c)

(d)

(e)

Figure AB.30 Time history responses under the 1994 Northridge, Canyon County
earthquake (short-period) for the isolated building: (a) ground acceleration, (b) base
isolator displacement, (c) 3rd story drift, (d) 3rd floor absolute velocity, and (e) 3rd floor
absolute acceleration
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Figure AB.31 Base floor acceleration (𝑎𝑏𝑎𝑠𝑒 ) response under the 1994 Northridge,
Canyon County earthquake (short-period) for the isolated building with the proposed
controller

Figure AB.32 Hysteresis loops of the isolation system for three control cases under the
1994 Northridge, Canyon County earthquake (short-period)
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NRMS error = 0.0063

(a)

(b)

Figure AB.33 Displacement control using the ATS compensator under the 1994
Northridge, Canyon County earthquake (short-period): (a) overall displacement tracking,
(b) synchronization subspace plot
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Section B:

(a)

(b)

(c)

Figure AB.34 Comparison of the RTHS and numerical simulation results of proposed
system under the 1990 Manjil, Iran (long-period): (a) displacement response, (b) force
response, (c) force-displacement relationship

(a)

(b)

(c)

Figure AB.35 Comparison of the RTHS and numerical simulation results of proposed
system under the the 1994 Northridge, Jensen (long-period): (a) displacement response,
(b) force response, (c) force-displacement relationship
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(a)

(b)

(c)

Figure AB.36 Comparison of the RTHS and numerical simulation results of proposed
system under the 1999 Chi-Chi, Taiwan earthquake (long-period): (a) displacement
response, (b) force response, (c) force-displacement relationship

(a)

(b)

(c)

Figure AB.37 Comparison of the RTHS and numerical simulation results of proposed
system under the 1979 Imperial Valley earthquake (long-period): (a) displacement
response, (b) force response, (c) force-displacement relationship
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(a)

(b)

(c)

Figure AB.38 Comparison of the RTHS and numerical simulation results of proposed
system under the 1989 Loma Prieta, Capitola earthquake (short-period): (a) displacement
response, (b) force response, (c) force-displacement relationship

(a)

(b)

(c)

Figure AB.39 Comparison of the RTHS and numerical simulation results of proposed
system under the 1976 Friuli, Italy earthquake (short-period): (a) displacement response,
(b) force response, (c) force-displacement relationship
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(a)

(b)

(c)

Figure AB.40 Comparison of the RTHS and numerical simulation results of proposed
system under the 1992 Cape Mendocino, Rio Del Overpass earthquake (short-period): (a)
displacement response, (b) force response, (c) force-displacement relationship

(a)

(b)

(c)

Figure AB.41 Comparison of the RTHS and numerical simulation results of proposed
system under the 1994 Northridge, Canyon County (short-period): (a) displacement
response, (b) force response, (c) force-displacement relationship
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(a)

(b)

(c)

Figure AB.42 Comparison of the RTHS and numerical simulation results of proposed
system under the 1971 San Fernando, LA Hollywood earthquake (short-period): (a)
displacement response, (b) force response, (c) force-displacement relationship
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